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ABSTRACT

":: PLASMA.STERILIZATIONTECHNOLOGYFOR

SPACECRAFTAPPLICATIONS

!,

This contract consisted of four study phases that provided infor-

" matlonon the applicatlonof plasmagas technologyfor solvingprob|ems
i

associatedwith planetaryquarantine.

_,_ The first phase determinedthat helium plasma,generatedat reduced '

pressure(0.2mm Hg) was the most efficientfor killingmicrobialspores.

' Phase II expandedthe types of organismstestedfor evaluationof

" heliumplasma,and the resultsdemonstratedthat all of the organisms

testedwere susceptibleto plasma. Plasmadiagnosticsdeterminedthat .:

i th_ primarykill mechanismwas energeticultravioletirradiation. High

electrontemperatureswere responsiblefor physicaldisruptionof micro-
J,

bial cells.

DuringPhase III, heliumplasmawas demonstratedto be effective

for sterilizinglong capillarytubes of,aried diameters. Plasmagas was

shown to be an efficientsurfacesterilizer.

Phase IV analyzedthe effectof plasmaon spacecraftmaterials. The

resultsshowedthat the plasmaprocesswas compatiblewith most tested

materials.

Resultsof the four completedphasesdemonstratedthat plasmagas,

specificallyheliumplasma,is a highlyeffectivesterilantand,assuch,

is a techniquethat can be appliedto remedyspecificplanetaryquaran-

tine, and other,s_erilizingproblems.
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.i

. SUMMARY '

PLASMASTERII.IZATIONTECHNOLOGY

r. FOR SPACECRAFTAPPLICATIONS

This is the final reportsubmittedby The Boeing

Companyto the Jet PropulsionLaboratoryon JPL

ContractNumber953647. Four researchphases

were conductedfor the contractthat extendedfrom

• May 1973 throughSeptembe_1975. These phasesare

discussedseparatelyin this reportin SectionsIf,

Ill, IV and V respectively.A detaileddesignof

_he plasmageneratingapparatusis includedin

SectionVI. A summaryof the total contracteffort

is presentedin SectionI.
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": INTRODUCTION

Traditionally,sterilizationand decontaminationof T;pacecraftcomponent_

;; have been accomplishedby heat or by chemicalsolutiQns. Certainmaterials

and complexequipmentoften suffera loss in reliabilitydue to heat

' damageor chemicalincompatibility.In addition,these traditionalm¢_,Lhod_

i' i are not readilyadaptablefor use in space, i.e.,on interplanetarysample
returnmissions.

:' 4

_; Plasmacleaningand sterilizationinvolvesexcitinga gas and passingit over

:: the materialto be sterilized. The apparatusused includes_ gas exciter
i

(radiofrequency),a sterilizationchamberand vacuumpump. In operation,

specimensare placed in the sterilizationchamber,pressurereduced,and

excitedgas is introduced. Sterilizationoccurs. The plasma process

does not appear to degradematerialswhich have bee_ testedto date and,

in addition,does not significantlyraisethe temperatureof the object

: being sterilized. The objectiveof this investigatienwas to developand

apply plasmagas sterilizationtechnologyto problemsassociatedwith

planetaryquarantine.

The programconsistedof four phases. The approachof Phase I was to

obtaindata that definedthe effectivesterilizingrangesof four sepa-

rate gaseswith respectto power and pressure. The secondphasewas

conductedto determinethe l_ '_l constituentsof a plasmaenvironment.

The effectivenessof plasmaagainsta diversegroup of microorganismswas

also investigated. The third and fourthphasesrespectivelydetermined

the penetratingefficiencyof plasmasfor sterilizationand the compati-
bilitiesof spacecraftmaterialswith a plasnBenv4._or_ment.............

Also includedin this documentationis a detaileddesignof the plasma

sterilizerused throughoutthe study.
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PHASEI

i,

I! RADIOFREQUENCYGENERATEDP.LASMASOF

I_ ARGON, NITROGEN,OXYGEN,AND HELIUM
.i
i. _

'. Specifictest matriceswere designedto defineoptimumradio frequency
,i

ii (rf)power, the "best"singlegas, and chamberpressurerequiredfor

pl asma steri 1i zati on. ¢

2'
:t

i Plasmasof argon,nitrogen,oxygen and heliumwere generatedat pressures
_', of 0.2 through 1.0 mmHg. RF power ranged from 50 to 300 watts.
I

I Sporesof the organismBacillussubtiIlsvat. _ were _xposedat timed

intervals to the plasmas and analysis for survivors followed.

: The data showed that heliumgas, ionizedwith 300 watts rf at 0.2 mm Hg

chamberpressure,.wasthe most efficientcombinationfor killingB.

subtilisspor_s. Also, plasmaenvironmentmeasurementsindicatedthat

ultraviolet".rradiationthat resultedduringrecombinationof the ionized

gaseswas a dominantkillmechanismin plasma,

1"_ 4

!
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_. PHASEI I

PLASMAGAS CHARACTFRISTICS

, Dataobtained,from Phase I was u,_edto expandth(_rangeof micr(mrganlsm_,

tostedfor evaluationof plasma ._terilizlngpropertie._.In addition,
d

_ plasmasof mixed gaseswere studied. Measurementsto characterizeplasma
w;

" : and to define the lethalconstituentswere developed.

;' A varietyof typicalspacecraftorganisms,in additionto fungalspores

_ were selectedand exposedto heliumplasma for variedtime intervals.

Analysisfor survivorsshowedthat, althnughde_th rates variedbetween

microbialtypes,all of the microorganismstestedwere susceptibleto

the lethaleffectsof plasma.

The primarymechanismresponsiblefor killingmicroorganismswas theorized

to be energeticultravioletirradition,particularlythe 21.2 eV resonance

line. In supportof this, measurementsof plasma constituentsrevealed

that high electrontemperatureswere presentand most probablyresulted

in physicaldisruptionof the integrityof a cell.

Plasmadiagnosticswere developedthat enabledcorrelationof increased

microbialdeath with increasedplasmadensity(electrontemperature).

Plasmasof mixed gases were shown to be less effectivein kil.l.ingbacterial

sporeg than the single gas he]ium.

t

5
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i PHASE Ill

W}
PLASMAGAS PENETRATION

Diff,)rentoeomotricconflgurati_n_wnr(}_xpo_d to plasma to dut(_'Ifine

tho effectivonessof 'Ionizedgas for contactingand steri.]izin_all

surfaces. Contaminatedcapillarytubingof wlr'lodinternaldiameters

,- (I.D.),and lengths,and mated surfaceswere exposedto helium plasma.

Analysisfor survivorsshowedthat tubingof 0.07 cm I.D.and 12.0cm in

lengthwas sterilized. The initialspore contaminationlevelof 104

was reducedto 0 withinone hour of plasmatreatment. R_sultsof con-

taminatedmated surfacesshoweda slight reductionfrom originalnum-

+i bets, but the heliumplasmawas unableto penetrateand sterilize

_i mated-surfacesat the exposurelevelstested.

6

|

+
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PIIASEIV

EFFECTOF PLASMAGASON51_LF.CTEI)

SPACECRAFTMATERIAI,S

I

Spacecraftmaterial_ware BubJ(:ctedtc_a plasmaenvironmentt(}d(Itermin(:

material_ompatibilitywith the preces._.Specificanalysesw{}roc(_n_

ducted for comparisonsof beforeand after plasnm treated_peclmen_,

_° Thesa includedreflectance,transmission,mechanicaltesting,electrical

resistivity,and vi.sualappearance,

" The analysesshowedthat, overall,helium and oxygenplasmasdid not

alter the measuredpropertiesof most test n_aterials.Exceptionswere

.: noted for three films testedfor mechanicaltensionand in a black coat-

; : ing analyzedfor reflectanceafter plasmaexp(_sure,The degreeof changes

:. rangedfrom slightto marked.

Evaluationof compatibilityof materialswith plasma shouldbe determined

by comparisonof alterationsin similarpropertiesof a materialafter

: other sterilizationmethodsand by the predictedusageof the material.

!
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PHASE I

0

; I,0 PURPOSE

This phase of the programwas concernedwith definingiJndc(_mpariHuthe

effectivesterilizingrangesfor differentsInglegases as relatedto

: radio frequencypower (rf)and vacuumpressure. Ai._u,Lheoriescon- ,

cerningthe physicalnatureof plasmawere formulatedfromexperimental

measurementsdevelopedduring this phase.

2.0 INTRODUCTIUN ',

PreviouspreliminaryBoeingdata showedthe feasibilityof using an

argon plasma,generatedat low pressure,to kill Bacillussubtilisvar.

. ni_er spores. RF power valueswere also shown to affect the rate of

spore death. In addition,a study "Evaluationof Plasma Cleaningand

ElectronSpectroscopyfor ReductiOnof OrganicContamination"(1972,

JPL PO GU-561461}demonstratedthat plasmawas an effectivetechnique

for the removalof microorganismsand organicfilms from surfaces.

3.0 PROCEDURE

Phase ! was designedto define_via specifictest matrices,optimumrf

power and the "best"singlega3 and chamberpressurerequiredfor plasma

steriJization.Also, formulationof the theoreticalphysicsof i_lasmas 1

w_s initiated. A descriptionof the two tasks that comprisedPhase I
FolIows. ]

LO

4 .J
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" 3.1 TASK i - PLASMAOF SINGLEGASES

'; I: The objectiveof thls task was to determineth_ r_iativn_ffoctivnnes_of

': differentgas plasmasfor sterillz]nq. Plasmasof argon,helium,nitrnqen
:I

_, and oxygenw_re generate_by radio frequencyelec_rodelessexcitaLien.

:: Samplesof microorganismswere exposedto the plasmaenvironmentand
Z

ii analysesfor surVivor_were performed,

I

The test equipmentused in this study is diagrammedin Figure I. .s,

monitoredby a flowmeter,passed into the dischargeregion. External P

copper electrodesexcitedthe gas and initiatedionization. RF power

providedthe energycouplinginto the gas at 13.56megahertz(FCC require-

: ments). After rf excitation,the gas passedout of the electroderegion

and the "active"specieswere carriedthroughthe glass sterilizationF W

chamberand eventuallyexhausted. The electronicspackage,picturedin

Figure2, consistedof an a-c power supply#516F-2,transmitter#32S_3A,

rf linearamplifier30S-1,antennatuner #1BOS-1,and a directionalwatt-

' meter #302C-3 (CollinsRadio Company,Cedar Rapids,lowa_.

In operation,test sampleswere positionedin the sterilizationchamber,

the pressurereduced,test gas flow adjusted,and then power appliedto

excitethe gas via the externalrf coupledelectrodes. The configuration

of the plasmasterilizerwas such that ionizedgas flowedover the samples

throughthe chamber (Figure3).

Parametricvaluesfor rf power,chamberpressure,gas flow and exposure

time were varied. The test matrix is shown in Table 1. The gases,argon

and helium,were each testedunder these variables. The gases,oxygen and

nitrogen,were found to produceless effectivesterilizingplasmasduring I

I

equipmentcheckout. Therefore,only the longesttest exposure,15 minutes,

was studied. Both of these lattergaseswere testedas shown in Table 2.
i

lhe effectivenessof plasma gas for sterilizingwas determinedby exposing

a controllednumberof the sporeformerBacillussubtilisvar.niger_to the

i. plasmaand analyzingfor survivors, lestsampleswere preparedby inocu-

• fatingsterile,stainlesssteel planchets,! inch in diameter,with

li
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I[

TABLE I: TEST MATRIX FOR ARGON AND HELIUM

,j,. ! i ,,

J

CHAMBERPRESSURE,
.... MM H,qi i i i iiilli

POwERRF TIMEEXPOSURE, 0.2 I . 0.5 I 1.0 '"-"
WATTS MINUTES ......

_S FLOWCC/MIN.
lelll I ! I II li

10 ' 20 I0 ' 20 I0 ' 20! ! i

,1 1 I '_ ' i _, I
! I I

5 A-I* ',A-4 B-7 1 B-tO C-13 ', C-16
I; I I I

59 I0 A-2 I A-5 B-8 1 B-It C-14 I C-17
I I !

15 A-3 _ A-6 B-9 I B-12 C-15 I C-18
i ! i
I I I
t ! .. I ...

I|| i ill I I ii I

5 D-19 1 D-22 E-25 _ E-2B F-a1 I F-34
! ! t

150 10 D-20 I D-23 E-26 1 E-29 F-32 I F-35
! I I

15 D-21 1 D-24 E-27 : E-30 F-33 I F-36
! ! !
! ! !

...... ' I' ', ' P" l
! t I

5 G-37 I G-40 H-43 : H-46 J-49 : J-52
I I !

300 10 G-38 _ G-41 H-44 ', H-47 J-50 _ J-53
J | e

15 G-39 1 G-42 H-45 ', H-48 J-51 ', J-54

t
* Test Number

b

I



_ TABLE 2: TEST MATRIXFOR OXYGENAND NITR(IGI_N
r

-.' CHAMBERPRESSURE,
MMHg '

RF EXPOSURE ..... i ...............
POWER, TIME, 0.2 0.5 1.0
WATTS MINUTES -_ ..........

GAS FLOW CCIMIN
q II It[ I llIIlI I i II I Ill I I

i0 ' ZO I0 I 20 I0 •' 20! I !

I ¢ i I!
ii _ • lllil i i i • i iii It i ii i I

-- I _I I
I I !
I I I
I I I

, /::el , I ,
_U I I I '_

" _ I I ¢

15 ' A-6* ' B-I2 ' C-18I I !

I I I
I I I

I I r
J_ i I Ill I I I It It!Ill! II Ill r It Ill I I I It I I I Ill!

; 1 1
0 I ¢
I I I
! ! I

150 ' ' 'I I I
! I I

IG ' D-24 ' E-30 ' F-36
I I !
I I !
I I I

....... I 11 l |ll t ...... I i,
! I I
I ! !
! ! II

I l I |

300 ' ' 'I ! I
! I I

' G-42 ' 11-4B ' J-54IN.- , , ,
! I !
! I I
I ! I
I I !......... i

* "TestNumber

P
IU

" w

" " " " " " " ......................... T T .......................... I ..... F ....."i I
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' approximately 105 spores, The,aqueous suspt_n_ion of slmres wa_ spread

I evenly in each planchet, which then was allowt:d to dry overni(..lht in the
air flow of a clean bench,

i. The test configuration for oacll plasma test conslstec4 of ]ocattn(j the

I Inoculated,_ample._at three position_in the sterilizingchamber(Fiqur¢:/

4). At each positiona glass ring held six test planchetsand two c,terile

, controlplanchets. Therefore,each co,_letetest,or loadedchamber,

was composedof 18 inoculatedtest planchetsand six sterilecontrols.

,_-

_ _ Appropriateambientdie-offand procedural.testcontrolswere conducted
_ for each test. Analysesof the exposedsamplesand controlswere per-

formedper standardizedmicrobialrecoveryprocedures. These procedures
1

were adaptedfrom NASA StandardProceduresfor the MicrobialExamination

of Space HardwareNHB 5340.I.A,and includedsample inoculationand drying

in a Class 100 clean bench,microbialremovalby sonication,and enumera-

tion wlth TrypticaseSoy Agar pour plates.

- I An additionalanalysiswas conductedduringTask I. For all test variables
of the test matrices,temperaturesat the three chamberpositionswere

measuredand.recordedimmediatelyfollowinga 15minute plasmaexposure.

Temperatureprobes consistedof stainlesssteel planchetssolderedto

thermocouple_.

3.2 TASK 2 - PLASMAPHYSICS
i

The plasma used in these experimentsis generatedby an rf dischargein !

low pressuregas. It consistsof freeelectrons,positiveions,and (in Ill
some cases)negativeions. In polyatomicgas species,the ions may be

atomicor nx)lecular.The plasma is much less dense than the gas; for

every ion or electronthere may be millionsof neutralgas atoms or

nwJlecules.

The neutralgas is flowingfrom an inleton one side of the rf discharqe.

throughthe test chamber,to a vacuumpump. The plasma is carriedalonq

by the gas. Once outsidethe rf dischargeregion,the plasmadecaysas

L7





electron_and ions recomblne,and a_.each re(x)mblnatlonew_nt, the

ionizationenergy is released,u_uallyas light,oftef)in the f_r ultra_

violet (uv) region.

I

3.2.1 La£_mulr Probe C__hharacteristlcs

P1asma cha,racteristic_ were determin(_:dby langmuirprobemea._t_rem_nts.

An electrodeor "probe"in the plasmawas con_lecl;edto an externalp()wer

i supplyand the currentcollect_)dby the probewas meaF,ur(_da,;_JFullction

i. of the appliedvoltage(Figure,5),
f

i{ 3.2.2 PlasmaKill Mechanisms

_i The two most likelymicrobialkill mechanismsin plasmasare ultraviolet

_ii irradiationfrom the recombiningpl_sma,or sputteringof tl_ecell wall
i! by ion bombardment. Experimentswere performedto obtaindata on these

•_i two posSible mechanisms.
,'i

ii! 3.2.2.1 UltravioletIrradiation

One mechanismby which a plasmasterilizesmay be due to the production

of ultravioletirradiation. The recombir,ation of ions and electronsmay

providea sourceof intense"flowing"uv.

Heliumand argon are good uv sources. Mostof the volumerecombination

In argon and heliumat low pressureswill be two-bodyradiativerecombi-

nation. Much of the recombinationenergywill appear in uv lines with

the resonanceline at 58 nanometers. Therewill also be a lowerenergy

uv continuum(60-110nanometers)due to a three-bodyrad±ativerecombi-

nation,a neutralatom being the third body. lhe uv spectrumfrom surface

recombinationis not known,but is probablysimilarto the thre_-body
recombinationspectrum. In helium,someof the continuumcan pass through

most uv windows (sapphire,quartz},but the line radiationcannot. Nitro-

gen shouldbe a poor uv source,since recombinationof negativeand

positiveionswill tend to radiatethe recombinatlonenergy in longwave-

lengthmolecularbands, l-ask3.2.2.1was to screenfor the presen(:eof I

lethaluv in heliumplasma. I

I_)
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Ultraviolet cannot pass throuqh "qr_n" qla_s. The tran_mlttanco of qreen

glass does nQt bn_Jn until approximately wavelenqth 350 nann_tr, rs. Thls

Is well above the uv _p_ctral rpolon, On th_ other hand, a sapphlmo win-

dQwwill tran_mlt at 140 nanomotors, This filter allows uv to pas_,

The experimentalapproachwas to prot(::ctB. _ubti__].i_._Imre_from u_ and

[ the plasmaconstltuent_. This wa_ accompl'l_h_dby cover'In!ithree_m_l_

planchet.swith green glass. In addition,_;por_were (;xpo._(_dt(_uv by

coveringthree sampleswith sapphirewlndow_,_.The_m samplu:;al,m w_me

protectedfrom the plasmaconstituents.
m

Uncoveredspore sampleswere includedand the,so were exposedto the com-

plete plasmaenvironment:.ions,elec.trons,and recombinationuv.

:!i 3.2.?.2 Sputtering

. Sputteringwas suggestedas a kill mechanism,especiallyfor the argon

'._!il plasma,becausethe ion bombardmentenergy is sufficientto cause spur-

[' tering. This would requireopeningthe cell wall to allow outgasslngof
the ceil. Sputteringrates are not known for organicmaterials. For

inorganicsthere is some data on sputteringby argon ions, and similar

sputteringrates could damagecell walls significantly. Sputteringhas

a mass-dependentthreshold. At the availableion energies,argon might

sputtereffectively,whereasheliumcould not sputtermost materialsat

all. The only significantexceptionbeing that heliumionsmight sput-

ter the hydrogenatoms in organicmaterials.

Severalexperimentswere conductedto dist'nguishbetweenthe kill

mechanisn_s.These experimentswere conductedin heliumplasma. The

planchetswere connectedto power supplies,and kill was measuredwith

the planchetvoltageset at severalpointson the probe curves. Sample

spore planchetswere not normallyconnectedto any outsidevoltage,so
the sporeswere usuallyat floatingpotential. By puttingthe planchet

at ground potential,we increasethe bombardingion ener_, but not the

flux (Section4.2.I for Definition).

i
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Slmilar]y, at valtage._ n_ar qround potential thP.._arm_fie× Qf 'itms ';trikP,_

the surface Qf planchQts with l_,;_r, _n_-rqy, Sputt_rinq kill would drop

; drastically;uv kill _hQul'd._tayapproxlmaL_:lycnnstant, Just ahnv_ _pa,cp

: potential,the ions can no lon.q(_rreach tlm plan(:h,_t._,urfac(_,and l:mth

_putterln.qand the _urfacnr_e.nmhinati_ncontrlbutinntn uv kill _,h.uld

_tep,

4.0 RESUI.T!_,ANDI_ISCUS!_;ION
I

•: This sectiondocumentsthe resultsnf Pha._r,I, It _:on_l,_i,_el'l,_!_k,;] alld

2,

" 4,I TASK i - PLASMASOF SINGLE.GASES

Plasmasof the gases argon,nitrogen,oxygenand heliumwere testedfor

_: their sterilizingeffectiveness. Data obtainedare-_resented.

• 4.1.I A_on Plasma
L"

_ The numberof B. subtilissporesthat survivedexposureto argon plasma

were recovered, Calculationsfor percentmicrobialsurvivalwere made and

; are recorded.inTable 3. ..

From these data it is noted that:

(1) Percentsurvivorsdecreasedas chamberpressuredecreased.

A pressureof 0,2 mm Hg resultedin more microbialkill.

(2) A power inputof 150 watts (rf) appearedto exciteargon to

a n_re effectivesterilizingstate than 300 watts (rf).

(3) Using Position3 as a conservativereferencepoint,nptimum

kill throughthe chamberoccurredat operating_onditions

of 150 watts and 0.2 mm figpressurefor argon pla_'.'::_.

(4) Variationin the volumeof arqon gas (10 and 20 c:cper rain.)

did not appear tu significantlyinfluenceth_ percenL

microbialsurvival.

Sample temperatures,recordedafter 15 mimJte argon plasma t_sts,ranqed

from21° to zoO{:(l'abl_.4). Chamberp_}sitions2 and 3 P.xperiencedno

Lemperaturesin excessof 30°C at all test conditions. "
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• If,!

4,I,2 Nitro_enP1asma

Generally,B_,subtili.ssporeswere not affectedto any great dnqreeby

exposureto nitrogenplasmafor I,_mlnutes (Table5)', Sampletompo.ratl_re_I,

: during pl.a.smaexposurerangedfrom 2R° to _o(. (Tablf+.6).

4,I,3 Ox___genPlasma

Oxygen plasmawas found to be a relativelyw_ak ,_turilizingaqent (J+_Ibl_

7), Some lethalitywas noted at the two lower c,hamberpres,_ur(,s(0.2

and 0.5 mm Hg). Under the test conditionsfur plasmaproduction'it

appearsthatoxygen plasmawas sli!jhtlymore lethalthan nitrog_:n,but
f

nowherenear as efficienta_ argon plasma. Sample temperaturesduring

oxygen plasmaproductionwere comparableto those recordedin nitrogen

plasma.

4,1.4 HeliumPlasma ,

Table 8 is the survivaldata obtainedfrom exposingB. subtilisspores

: to heliumplasma. ,reinthese data it is noted that:

(1) The numberof survivorsdecreasedas the chamberpressure

decreased. A greatertotal spore kill was observedat 4

0.2 mm Hg than 1.0 mm Hg.

(2) A power inputof 300 watts (rf)excitedthe helium to a

very effectivesterilizinglevel.

(3) Using Position3 as the most conservativereferenc(epoint,

the greatestspore reductionoccurredat operatingconditions

of 300 watts and 0.2 mm Hg pressurefor heliumplasma.

(4) Differencesin helium flow did not greatlychangeplasma

sterilizingeffectiveness.

(5) Helium plasmawas generallymore efficientas a sterilizing

agent than argon,oxygen,or nitrogen. Microbialkillwa_

noted at most of the operatingconditionsof the test matrix.

S+_mpletemperaturesdurinq heliumplastiwiproductionranged From ]9° to

50°C (Table9).
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;. 4.2 TASK 2 - PLASMAPHYSICS

/i( Measurem_,nt_of the plasma.propertieshave bm_m made, and experimentsrela-
'ii

_' tlng plasma!_hanomenaand spor_ kl1_ have hi)oncarri_d(rot, In this section,

; the plasmacharacterisi.icsare described;s()meof the relevantplasi_lphenom-

i ena ale explained;and..theresultsof experimentsto de_erminethe mechanism

-_ of kill of plasmasare described,

!

') 4.2.I PIasma Characteristics
t

; The propertiesof the p.l.asmahave been studiedby Langmuirprobe techniques. '

The first probe resultsrevealedthat the plasmahas severalunusualfeatures

,: which demandcare in interpretingmeasurements.

Most rf generatedflowingplasmasare characterizedby low electronand ion

temperaturesand rapid volume recombinationdownstreamfrom the ionization

- region (betweenthe rf plates). The visiblelightfrom these "flowingafter-

: glows" is dominatedby the reGombinationspectrum,and the uv light by a con-

tinuumat energieswell below the _esonanceline. None of the ions and elec-

trons in such dischargeshave sufficientenergyfor impactdamage to any surface.

The rf generatedflowingplasmaused in these,experiments;however,is quite

different. While the ions are still cold (meaningperhaps1000°K),the elec-

Lronsare fairlyhot, having a temperatureof approximately80,000% in the

helium plasma, for example.

High electrontemperatureshave severalimportanteffectson the behaviorof

the plasma. First,the recombinationrate is lower,and, consequently,the

plasmacan flow further. Second,insulatingwalls and other objectsdrawing I_

zero net currentfrom the plasmaare chargedto a neqE,tive potential,c,_lled

the floating p_!tent_!a_l.

KT

....':'' I.(mJm), (I)Vf _ L, "'

Where Te is the electron temperature,, K is l_ll.,mann's c_mstani:s, m_ is t.he
ion mass, and (, and m ar_, lho cherub'and mass of the. _'It'ctron. (lh_, t,erm

I

! I I '" I_ - ---,.'._. I I
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"t_mp_rature"is used merely to denotethe average_lectronenergy,and does

not necessarilyimply a Boltzmanndistribution,althoughEq. (I) i_ mo_t ac-

curatefor a Boltzmanndistribution.)

All floating(insulatorsand any other surf(_cecollectingzero net current)

surfacesare bombardedby ions attractedby the negativepotential. In nit_n-

gen, for example,the observationsindicatethat ions with energiesup to 42 #

electronvolts are bombardingthe flowingsurfaces.
!:

¢

"-"i The floatingpotentialgiven by Eq. (I) is not measuredwith respectto ground ,

potentialbut insteadwith respectto the potentialof the nearbyplasma,

called t'spacepotential"or "plasmapotentlal." In most plasmas,space poten-

tial is close to ground.potentiaIwand floatingpotential,when measuredwith

respectto ground,is given by Eq. (i).

In this plasma,however,space potentialis high, being about 75 volts above

ground,and floatingpotential,althoughproperlynegativewith respectto

space potential(Eq. (I),is positivewith respectto ground. Space potential

is usuallyvery close to the potentialof the most positiveelectrodeexposed

to the plasma. In.this.s%s±em...t_E_eis no electrodein contactwith the plasma.

The high positivespace potential(75-100v) resultsfrom the luck of a good

referenceelectrode,and is easilymodifiedby any apparatuswhich tends to

supplysuch a reference. Consequently,plasmaexperimentsmust be conducted

and interpretedcarefully.

The unusuallyhigh electrontemperatureis due to rf fieldswhich leak from _i

the excitationarea. These fieldsare measuredat 30-50v/cm,which is not I

sufficientto cause breakdown,but is enough _o heat the plasma..

The potentialdrop betweenthe plasmaand a "floating"object (a spore, for

example)occursover a distance,calledthe Debye length,which is characteris-

tic of electroslaticeffectsin plasmas. The numberof ionswhich will bom-

B bard the surfacewith the fullenergy given by the floatingpntentialdepends

on whetheror not they can travelone Debye lengthwithoutcollidingwith a

mm_

w L_2
:

'2
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:i

i_ meutralgas atom, In helium the mean-free-pathof an ion Is

'i

i_ . _c _ 1/72p (2)

where p is the pressureIn torr. The Debye lengthis:

: i)

D " /T-'_' (3) '
bK

,{

where n is the eleetrondensity(electrons/cm3) and Te is in degreesKelvin.
.-- The ratio of Debye length to mean free path is'.

Dl_c " 1.5 p/(lO"I0 n),½ (4)

for the electrontemperaturesobservedin helium. Then most ions bombarding

a floatingobjectwill..havethe maximumkineticenergy,eVf , if

1010 p2n 2 x (5)

The conditionsin the experimentsconductedsatisfyEq. (5) at the lower

pressures.

The flux of ions bombardinga floatingsurfaceis rela.tivelyindependentof

the pressure,and is proportionalto the ion densityin the nearbyplasma.

The total flux of acceleratedheavy particles,however,increaseswith pressure

becauseof chargetransfercollisions--anion being acceleratedtowardthe sur-

face may pick up an electronfrom a passingneutral,and continue(now neutral

itself)with no furtheracceleration,while the passingneutral(now an ion)

is acceleratedthe rest of the way to the surface. I

The Debye length is relevantto anotherimportantphysicalprocessthat must

be consideredfor future Investigatlons--penetrationof holes and cracks. The

one I D thick regionwhere the potentialdrops from space potentialto float-
!

ing potentialis calleda Langmuirsheath,a space-chargesheath,or just a 1
sheath. The electricpotentialin the sheathacceleratesions, and repels l
electrons,lettinqjust enoughelectronsthroughto balancethe ion current.

O0000001-TSCIO



_. Nowimagine a hole.in a surface exposed to plasma. If the hole. ls l_s_ than

! Debye lengthacross,then the sheathwill close acru_s the hole, aF_ prevent

most electronsfrom passingthroughthe hole. The ionswhich go throughare

then stopped,one Debye lengthbeyond the hole, by anothersheath_et up by

. their own pos4tivespace charge. This phenomenonmust be consideredwith respe(t

to a practicalapplicationof plasma penetrationand may prove to be th_ "i,,i;,l,,u

ca$_.
(

4.2.2 LangmuirProbe Characteristi_c_s

Figure6 shows a Langmuirprobe curve recordedin nitrogenplasma using a plan-

chet as the probe. This has the usual featureof plasma probecurves,and we

' use it to illustrateboth the standardinterpretationand the dangers. At the

lowestvoltagesthere is a nearlyconstantpositivecurrent,calledthe io__Ensatu-

rationcurrent,labeled(I) on the plot. Knowingthe probe area, and assuming

an ion temperatureof I03°K,which is a good order of maqnitudeestimatefor

most plasmas,we calculate,from the ion saturationcurrent,that the plasma

density._s_% _ 3 x i011cm"3.

At (2) on the probe curve the positivecurrentstartsto decreaseas a few of=
_o

the most energeticelectronsget throughto the probe surface. The zero current

point (3),is a floatingpotential,here at 70 v above ground. The discontinuity

in the curvejust above floating,potentialis due to a changeof instrumentation.

At (4) on the curve,the eleGtroncurrentis r_singrapidlyas the probe approach.-

es space potentialand more eleGtronscan overcome the repulsivepotentialbar-

rier. At s_ace potential(5),a11 electronscan reach the probe,and the curve

flattenssomewhat,._hecontinuingincreasebeing due to the slow growthof the

region fromwhich the probe attractselectrons. At (7) the probe voltdgeis so
i

high that the probe is causingbreakdown,and the currentincreasesrapidly

again.

Knowingspace potentialand floatingpotential,we can obtain Te from Eq. ([).

The current at space potential then 9ires the electron density as

% " 6 x 109cm-3 or only one-fiftiethof ion density Since the plasmamust b,_

i

I,

vl 1
¢ t

IL,
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p • O,R mmHQ, 20 cclmtn
300 watts, 260C

-6 Erf • 20 volts/cm an



i
! '

I
L

I

"ii_ n.utr,ll Qv_ra11, Qnenormally _xp_t_d to find

• , ;)

)I
i_, and thlsI,_usOda._a checkon the validityoi thn prol_,curves. In thisca,_(,,
'II I

i_ themeasurementof n+ is sound,but,_omewhatuncertainImca_4_owe had tn 'I_.',,_,

_' the ion temperature.Thereare severalexplanation_fro-the,larg_,ratluof

•' %/% observedin nitrogen'
"ii

,_ (a) It'sreal--spaceohargeneutralityis providedby a

i:i largenumberof negativ_ions.

i_!'! (b) The ions are extremelyhot. Thls is most unlikely.
The Ionswould have to be considerablyhotter than

g_ the electrons,but they are cooledby very frequent

:!! collisionswlth the room temperatureneutralgaS.

,ii (c) The saturationpolnt on the curve Is false. Distorted

_ space potentialdata is obtainedwhen the plasmacannot

: supply the probe current,,or when the probe voltage

=: generatesextra plasma. Thls clearlyoccurredin the

heliumplasma. (Section4.2,3.2and FigUre 7)

The deficientelectrondensityis probablyreal. Nitrogentends to form negative
ions i

: )

i,. For the nitrogenplasmawe could concludethat the Ion densityts _3 x lollcwl'3' l

" %hat the electrohdensityis _ 6 ' 109, that the electrontemperatureis approxi- _j

[ mately90,O00°K,and that about 80 ma of ion currentare bombardingeach plan- . 'i)j&.....

chet (when.f.loatin_)._i.tb..e_._.r.g.i.esof up to 42 eV per ion, 'I

The low effectivenessof nitrogenis partlyexplainedby the Langmuirprobe 1

results. As pointedout earlier,the preponderanceof negativeions,which

is the most likelyexplanationof the differencebetween% and 'L, leads

00000001-TSC13



to a low uv radiationflux. Furth_.rmnre,nitroq_nshmMd tond (there'isno

data) to b_ a relativelypoor low enerqy sputt_r_,rbecau_r_th_ me;oculari(m,

collidinqwith a wall, tends to give Itsmomentumtr_mor_,than_ne atom nf th,_

wallmaterial,

4,2.3 P!a)maKill.Mechani__sms

Datawere obtalned to elucidatethe mechanismr(,.,,ponsiI_1(_f()rkiIlin!1n_.ir_.,_

or!lanismswhen exposedto plasmas.

4.2.3.1 UltravioletIrradiation
¢

Table 10 containsthe data obtainedfrom a screening1test to detect the presence

of ultravioletin heliumplasma. Spores thatwere protectedfrom uv survived.

Spores thatwere coveredwith a sapphirewindow,and saw wavelengthsin the

ultravioletregion (140 to 300 nanometers),did not survive.

The data may be interpretedthat uv, or rathersomethingshorterthan 350 nano-

meters,was presentin the heliumplasma,and that it was lethalto the spores.

The data may also suggestthat exposureto the "lethalagent" is not dependent

on havingthe heliumplasmaconstituentsin directconta.c-t-with...tl_e-spores.Thu_,

it appearsthat sputteringis not the dominantk-$1Jmechanismin helium plasma.

4.2.3.2 Sputtering

Figure7 depictsa Langmuirprobe curve for helium. At pointsA, B, C, and D,

planchetsamplesof sporeswere exposedto heliumplasma. The numberof spores

survivingat these "#otentials"are recordedin Table 11.

The exoerimentalpoints,A and B, groundand floatingpotential,yieldeddata

tMat show no apparentrelationshipto ion energyas would be expectedif sput-

teringwere a.dominantkillmechanism. The other two points,C and D, were

intendedto be just below and just above space potentialrespectively. Un-
fortunately,it was impossibleto reach the lattertwo conditions,because

planchetvoltagenear space potentialseriouslydisturbedthe plasma,caused

more ionization,and actuallyincreasedthe kill rate.

Furthertests showedthat even very stool]probesdisturbedthe plashy1when

set near space potential. It is probablyn{_tpossible,_,venwith refined

techniques,to carry out the experimentat points C and D in a heliunlpla_,ma.

t _I
Ix

i
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i TABLE10: PERCENTSURVIVALOF BACILLUSSUBTILIS .
SPORESFOLLOWING15MINUTESEXPOSURE

; TO HELIUMPLASMAa

,4

r i ,,, J ii i i ii iiim

CHAMBERPOSITION
SAMPLETREATMENT ..... -

! 2 3
i

GlassCovered(NoUV) 67.50b 50.00 57.50

Sapphire Covered (UV) 0.02 0.01 6.25

Uncovered 0.00 0.00 0.01

a 0.2 mm Hg, 300 watts rf

b Mean of 3 replicates, 4 x 105 spores at 0 time. 1

i
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IIELIUM,PLANCHET#1.3

POSITION2

50 watts,0.2 mm Hg, rf 3.7 volt_at Pos.2

I

-I.8
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.1.4

1 -1.2
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" °8
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I

FIGURE7: PROBECURVEFORHELIUMPLASMA
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, TAIII.E11: NUMBEROF BACILLUSSUBTILISSPORES

SURVIVINGA 15 MINUTEHELIUMPLASMA

EXPOSURE(a)

I I1|111 II I I II I III I[I I I I II I I I II IIII

SAMPLEPLANCHET NUMBERSURVIVORS

I I I t |1 I II III I1| I - I I

A. Ground 1.9 x 104 (b)

B. FloatingPotential 2.0 x 104

C. 80 Volts 7.3 x 10.3

D. 100 Volts 1.2 x 103

li II I . I I I i iiiil

(a) 50 watts rf, 0.2mm H_, Position2

(b) 4 x 105 sporesat 0 time

" 41)
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!

"",' 5. _] SIJMMARY

I The data of the resultsof plasmaexperimentscompleteddurIn!lPhas(,I

:, indicatethat.the combination_f a low chamberpressure(0.2mm H.,I),

' ; an ionizationpower inputof 300 watts (rf),and the sin(lle:lUSh_,]'ium

,, are most efficientfor killingB. s.ub.til_isspores.

_ In additio,, the data indicatethat ster.ilization,with heliumplasma,

is or_lyweakly dependenton those factorswhich would stronq]#affect

high spui_teringrates. These results,althoughpreliminary,suggest

that ultravioletirradiationis the dominantkill mechanismin plasma.

' I

! 41 i
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f (i. 0 APPLNI)[X

The data fl.)r Ph,.lse--_ are presented 'in Tables 1;t Lht'_)u!lh 1(i.

4?
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, TABLE 16:

NUMBEROF BACILLUSSUBTILISSPORES SURVIVINfi
I
, 15 MINUTEEXPOSURETO HELIUM PLASMAa

i'

I |1 I J II m..... ,,,,,, , i

CHAMBERPOSITION

SPORES ..........

1 2 3
I I I I i in i J Jl • _ i illll i

b

Glass Covered (no uv) 2,7 x 105 2,0 x 105 2.3 x 105

Uncovered 3.0 x 100 1.0 x 101 5.3 x 102

1 SapphireCovered(uv) 6.0 x 101 5.6 x lO1 2.5 x 104

Uncovered 3,0 x 100 4,3 x 101 4,3 x 101

, ,,, .... i

a 0.2 mm Hg, 300 watts rf

b 4 x 105 sporesat 0 time, mean of 3 replicates

47
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PHASEII

PLASMAGASCHARACIERISTICS
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i IqtASF 11

1, I] I_LIRt,(]'_I

Thl_ pha._,nf tlli-,,lJrilgrallwas ('Ullt:c,r'l,,_dwlt.hui IIi/ill.ll,hndata .I,iaivu.d

d_m*lll_l Ph,IF,t_ I t;n c,xpand the rdllq¢ _ Ill' hi.loqic,il l_H,l, llil l, Mi..l',tIl'lqlll'111

' for dla(lll(15JlI_l l:Im let.hal cnn._l.i l;.(,lll.h oi ,i l)l,1',IIi,_ .llvl r, uml,uil, w,,_,,

"* (h:w-_.lnl_ocl, lit ,Iddil-,ion, pla,_iml,_ ul mlx_,d q,u.o,., w,,r_, ,,l,udi_.l.

2,0 [NTI_UI]III:"IION

l.xl)erilIlenlis CUll11)leted durinq l_llas_! l indicated [hal the colill_in,lti_)n ol ,i

i low (:haml_er In"t!ssur. (()., mm llq). a. 'ionizati(m p.wt!r i.puL (if 3(10 wdti,,

rf. and the !las helium wt_ro the most oflicienl; h..' killing I]. _ul_tilis

spores. Tll_.se [)tl|'_.lleters were the OlJ(,ratilu cundil.io.,_ for m()sI, l.,ldsm,,

tests ill Phase If. AIso. theoretical studies uF the pll-Jsma prol_eri, ie',

pointed to two likely kill mechanisms: ultraviolet ir_adiatiun _r iun

I sputterinq.

:_.0 PROCEDURE

The approach of Phase II wds to obtain additional inlurmation _m the l_io-

logical range of effectiveness of hel i illll plasma, d_wlop pl asma envi r,-,n-

mental diagnostics, and to modify the operatinq paramet.-'.rs to uhtai, the

optimum conditions for sterilization.

The design of experimel_l:r,for Phase 11 Was based on data _)b_.aim-,ddurinu

Phrase I, lhe primary !.laS Ira' plasma lJr'oductim_ was helium. (ll-..ration._l

ctInditiollS. Lin|e,;,:, otherwise lltlt_;_J, W_]I_I;' I.),2 lntll lhl l:hdllll)t'|' lll'l",',tlI'l _ W i lh X

20 CC/lllintlt_ t.la., ulow and 300 Watts rf power.

* L* 'L.I1 IASK I I.IEAMI RAM-S Ol MICR(I(IR(iANI.,M.
............................ i

rhu l,.thal effev.i, of pl,_sm,_ _la;. un ,_ w_ri,,ly _I ,)r,l,mi.,m,:, w,_,, _uw,,.,l i_l,_i,,d, i

le_;i..rq_llllSl11_; W_'r_' '.,el_'cf:,,,l lu r_!l_r_,ht,nl. ,i l.yl_ _|I ,,l,aU,cr,_ll l,_qull,:lli_m ,i

lll_un whiL'h the, _',IM_]_, ,fill| (:ll,,cl.iv_,ne,_,_ _I lh,, i_],i.,iii.i l_l'll((,.;!, w(._l,.l I.., !!
, lu:,t.ed (lahle I). .;p_.re. st,,.)_k', _,I ,IPL-]. ,II"I-.;.'. ,if'l-l(, a.,I V,. ,,uhllli,. v,_.

4
d,r
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_! Tal_le ]. Test Organisms
i_

!:i ................
Organlsm Selection Rationale ,

L. : ill m i ii u..I i ii, i n ,. ,,i, . _:_

_ JPL..I Spore, spacecraftisolate

JPL-2 Spore, spacecraftisolate

JPL-16 Spore, spacecraftisolate

Bacillussubtilis Spore,comparativecontrolfor
;, var.nie_, _TCR-8 sporeformers

' JPL-5 Nonsporeformer,spacecraft
isolate

Staphylocg_c_cus Nonsporeformer,comparative
ermidis- controlfor JPL-5

i-7_-P"

As_llus ni eg_er Fungus (spores)

51
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niger (WCR-8),suspensionsin ethanol,were obtainedfrom the Jet Pro-

i_ pulsionLaboratory. Test planchetswere inoculatedwith these stock
;!

suspensions.. The non-sporeformers,JPL-5 and Sta__tg_p_h_lococcusepidermidis,

were grown as bacteriallawns on TSA, harvested,washed three times_

and resuspendedin steriledeionizedwater. An aqueoussuspensionof

i these.twoorganismswas used to inoculatetest planchets.

Fungalsporeswere separatedfrom fungalmyceliumby filteringa culture

throughsterilegauze. A washed,aqueoussuspensionof fungalspores

was employedto seed the test planchets.

The plasmaenvironmentfor testingconsistedof heliumgas, ionizedat

0.2 mm Hg with 300 watts rf. Inoculatedtest planchetswere exposedto

. the plasmafor 5, 10, 15 and 30 minutes.

The test configurationis picturedin Figure1. Sample planchets,clip-

ped on a glass ring,were placedat three positionswithin the chamber.

At each chamberpositionwere six test samplesand two sterilecontrols.

A time exposureconsistedof 18 test samples,6 replicatesat each posi-

tion, and 6 sterilecontrols,2 locatedat each position.

Appropriateambientdie-offand proceduraltest controlswe_econducted

for each test. Analysesof the exposedsamplesand controlswere per-

formedper standardizedmicrobialrecoveryprocedures. These procedures

were adaptedfrom NASA StandardProceduresfor the Microbial[xamJnation

of Space Hardware,NHB 5340.IA,and includedsample inoculationand

dryingin a Class 100 clean bench,microbialremovalby sonication,

and enumerationwith TSA pour plates.
i

3.1.1 PlasmaSensitivityof Two Bacillussubtilis .I
var. niger Spores

The influenceof the spore suspendingmedium upon the subsequentplasma

susceptibilityof the microorganismwas investigated. B. subti]isvar.

n__e_r_,WCR-8 spores (JPL)and B. subtilisvar. ni_r spore_ATCC 9372

(Boeinq)were the testorqanismscompared. The JPL spore,preparedat

JPL,was originallysuspendedin ethyl alcohol. It was observpdin

52
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,I SIDE VIEW OF SAMPLEHOLDERS

POSITION POSITION POSIT ION ....

1 2 3

SAMPLESI.-.8--...........SAMPLES9-16 SAMPLES17-24

HEAD ON VIEW OF

C_RCULARSAMPLEHOLDER

I 2

7 • _!
,l

SAMPLENUMBER ,!i"

]

FIGURE I. TEST CONFIGURATION
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Task i that the JPL B, subtilisspQrewas killedat a significantly

slow,rrate _4_an"th_ Bo_ingB, S_u_bt_,_i_l_is._por(;,Since,the suspf>nding

medium in th_ lattercase was water, the type of suspendingmediumwas

" _usp_ct. Aliquotsof both spor_ type._were suspendedin.water and al-

cohol,and test samp.lesprepared. Te_t paramel_rswere the same as Task
I.

3.1.2 Influenceof Chambg.rpositior_en Sterility.

The test rationaleof Phase I was to avoid sterility._othat st_tistical

comparisonsof survivingnumberswould be possible. Therefore,all te._t

sampleswere locatedin a regionof n_derateplasma density. However,

informationsubsequentlywas requiredto demonstratethe sterilizing

propertyof plasma,

Test samplesinocul.atedwith sporeswere positionedclose to the excita-

tion regionwhere plasmadensitywould be greater(Figure2). Plasma

exposurewas 15 and 30 minutes. Analysisfor survivorsfollnwedstan-
"i

. dardizedprocedures. Opt.ratingparametersof the test equipmentwere the

same as Task 1.

3.2 TASK 2 - PLASMAGAS KILL MECHANISMS

The two most likelymicrobialkill mechanismsin plasmasare ultraviolet

irradiationfrom the recombini_gplasma,and sputteringof the cellwall

by ion bombardment. Experimentswere perfo_d to obta.indata on these

two possible mechanisins.

3.2.1 UltravioletIrradiation

' The ultraviolet(uv) propertiesof plasmawith respectto spore lethality

i were investigated.

The uv spectraof plasmaswas separatedwith filterssuch thatwavelengths

below 140,220, and 360 nanometer_were not transmitted. Sporesof B.

subtili_svar.ni__r-were exposedto the variousspectralfractionsof

argon,heliumand oxygen pla_;llIdSl)ycoveringthe sampleswith filters.

The testmatrix is shown in labl,_2. Plasma_xpos_reof the tt,_tsamples,

m . ' all locatedat ChamberPositil)n2, was for 15 mim_tes.
,_

_.._
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Table 2, Test Matrix

BeginningSpectral Plasmaa
L i ) I IIIII i

Filter Transmission, Argon Helium Oxygen i
Nanometers '

I i I I Jl l I I I

Glass 340 9 b 9 9

Corning 9-54 220 9 9 9

SapphireWindow 140 9 9 9

No Filter - 9 9 9

hl i i l i "iiii ii

a.150 watts-.rf,0.2 mm Hg, 20 cc/min.,flow, • •
b
Numberof replicates,6 for biological
analysis,3 for electronscan.

56
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3,2.2 ElectronScanninoMicroscope

I Electronscanningphotomicrographsof spores_xpo_edto plasm_were pnr-
formed. Spores,exposedto the differentl_vfractionsof arqon,h_lium,

and oxygen plasmas,were examinedfor physicalchange, Untreatedspore

ii samples,were used as.comparativecontrols. ....
i
i

3.3 TASK 3 - PLASMASOF MIXED GASES

The sterilizingefficiencyof mixed gases for plasmaproductionwas evalu.-

ated. Argon, heliumand oxygen,combinedin differentpredetermined

ratiosto a total flow rate of 20 cc per minute,were ionizedwith 300

watts rf at 0.2 mm Hg pressure. The resulting,plasmaswere compared

for spore lethality. B. subtilisvar._spores were exposedto the

plasmasfor 15 minutesat ChamberPositionI. AnalySisfor survivors

proceededper standardizedmethods.

3.4 ......TASK 4 - PLASMAGAS DIAGNOSTICS

The likelymechanismsfor plasmasterilization--ultravioletirradiation

I and possiblysputtering--dependdirectlyon the propertiesof the plasma.

The readilycontrolledparameters,such as rf power and gas flow rates,

will also controlthe kill rate, but only indirectly,and.the relation-

" ship is confusedby any irregularbehavi.orof the plasmageneratorarising

from surfacecontaminanZsand.otherfactorswhich are difficultto moni-

tor.and analyze.

Of the variableswhich shoulddirectlyaffect rates for the kill processes,

the most importantare the gas pressureand speciesand the plasnw_density.
!The ultravioletradiationflux from recombinationis proportionalto the

' squareof the plasmadensity,and the uv flux from neutralgas excitationi:
by the plasmaelectronsis directlyproportionalto the plasmadensity.

l'heuv spectrum..$sdeterminedby the speciesand the gas pressure,with a

transitionfrom a line spectrumto a less energeticcontinuumo(:currin(]

at a pressureon the order of severaltorr. Electrontemperatureand gas

pressureboth influencethe re_:ombinationand excitationrate'_strongly.

.!

' i
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i Sputteringrates shouldbe directlyproportionalt_ the plasmadensity,

i and are extremelysen._Itlveto thp-energyof the bombardingIon,,which

is in turn prQport.iona]to th_ eff_Gtiw _l_ctront_mp_.ratur_,Con_B_

:i' quently,systematicsterilizationexperim_.ntsre.quir_monitoring_)fthu
b!
: those importantfundamentalvari.abl_s°speciflcallyplasmad_nsityand

electrontemperature,which are not susceptibletc_directcontrol, The

objectiveof this taskwas to developthe rel()vantplasmaproperti_;;_r,,;

phenomena,a descript.ionof variousprobe experimentsconductedin the

testchamber,and a tabulationof results.
f

3,5 TASK 5 - ELECTRODEMATERIAL.ANDPLACEMENT

The objectiveof this taskwas to producea more dense plasma. Two

approachesto accomplishthe objectivewere evaluated. The first a.pproach

wa_ to use a differentmaterialfor the electrodes. The electrodesused

for plasmaproductionduring PhaSe I were made of solid copper (Figure

3, ElectrodeI). Data obtainedduringa previousBoeingstudy showed

that more efficientrf energycouplingmight be possiblewith a changein

electrodematerialplus a slightoverallincreasein electrodedimensions.

" New electrodes(Figure3, ElectrodesII) were constructedfrom expanded

steel. Plasmasof heliumand argenwere producedwith ElectrodesII for

50 and 150 watts rf. Sporeswere exposedand analysisfor survivorsccn-

ducted. Langmuirprobe measurementsof the plasmadensitieswere compared

with spore survivaldata.

The secondapproachto increaseplasmadensitywas to evaluatethe place-

ment of electrodeson the exteriorof the chamber. ElectrodesIIa (Fiu-

ure 3) were locatedat the middle of the chamberabove ChamberPosition2.

In this position,less rf energywas requiredto ionizethe gas (I0 and 50

rf). Spore surviva|and Langmuirprobe datawere obtainedfor (._mparison _

at these test conditions.

, %,
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• _ ELECTRODES
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EXPANDEDSTEEL
(with Copperwire),.

ELECTRODESIX

F "-,- _-
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lla _ .-,...._ . .1 z. 1

J- -,_ ,
,I i_i /_.tl ,F

FIGURE3: ELECTRODEMATERIALAND PLACEMENT
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4.0 RESULTSAND DISCUSSION

4,1 TASK I - DEATH RAT_5OF MICROORGANISMS

Sevendifferenttypesof mlcroarga_ismswere c_xposedto helium p]as_.

Analysisfor survivorswas perforlned.Percentsurvivalcalcu]atian_

were conductedfor these data and are shown in Tahlo 3. The flqure_fro,

B. subtilisvar. ni_.r,ATCC 9372, has been includedf_r compari_.,h J

with Phase I. ,;

-. It was noted that: (i) microorganismsare killedby plasma_jas, (2) .

the percentsurvivaldue to plasmagas exposurevariesbetweentypesof 1
organisms, (3) percentsurvivaldifferedbetweenthe two strains,

B. subtilisvar. niger sporeswith respectto plasma susceptibility, .i

and (4) _he three spacecraftsporeformingisolates(JPL i, JPL-2,

JPL-16)were overallmore resistantto plasmathan B. subtilis.

4.1.1 PlasmaSensitivityof Two Bacillussubtillsvat, nlger Spores

• Comparisonof the plasma susceptibility'ofB. subti]i_svat. n_i_qer,WCR-8

spores(JPL) and ATCC 9372 spores (Boeing)was made. Also, a comparison

of water versusalcoholas spore suspendingmedia was conducted.

Calculationsfor percentsurvivalof sporessurvivingheliumplasma

exposureare shown in Table 4. The data show that the B. subtilisspores

preparedby JPL are more resistantto plasmaeffectsthan Boein_jpre-

pared spores. Also, spores suspendedin alcoholprior to test sample

preparationare more resistantto plasmathan spores suspendedin water.

j Communicationswith C. Hagen,JPL, revealedthat JPL utilized_ modi-

i fled sporu]ationmedium thatwas purposelydesignedto producean ,

!
especiallythick spore coat not only for B. s_Jbt!]]_s,but also the space-

,. craft isolates,JPL-I,JPL-2 and JPL-16. Evaluationof the biological

variationdue to the culturalconditionswill be needed in future

investigations.
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4,1,2 Influenceof ChanlberPa._Ititmon St(:rlli_,y

' Organismsw_r_ _xpos_dto heliumplasman_ar the ioniz,ltlonrt,qlon,

Analy_i_far Bterilityof.the _ampleswa_ cand_ictedand _ho.r_ult'._are

,_hownin Table,5, SamplesA throughE were _torlli1.ed4urimi tile

thirtyminute._lasma exposure, T_)mperatur(_in the r(_fllon_f E-F.G

samplesromalnedunder rao°Cdurlnq plasmapr{}ductioll,

I

, 4.2 TASK 2 - PLAS_ GAS KILt.MECHANI§MS

4,2,I UltravioletIrradiation

, Experimentationon the ultravioletpropertiesof ar,qon,heliui,,and

oxygenplasmas,with respectto spore survivalwa_...perfomlled,Percent

survivalcalculationsare given in Table 6.

The sporesthat experiencedthe total plasmaenvironnent,i,e.,no

filter,also exhibitedthe least percentsurvival. The result._indi-

cates that the 21.2 eV resonanceline photonwas very effectiveat ...

l(iIling spores,

" 4.2,2 ElectronScanningMicroscop_e

Helium,argon, and oxygenplasma treatedsporesof B_.subtiliswere

examinedwith an electronscanningmicroscope. Photomicrographswere

obtainedand are reproduced in Figures4 through9. Visualcomparison

of the nontreatedversusplasma treatedsporessuggestphysicaldamage.

However,the sporesprotectedfrom the variou.sspectralfractionsof

the plasmaswith filtersdo not appearto show such damage. Although

physicalchange i_-thesespores is not apparent,the data presentedin

Table 6 showed that'spox'edeath at these conditionsdid occur, l
!

4,3 TASK 3 - PLASMASOF MIXED GASES

- Table 7 pl_esentsspore survivalpercentagesobtainedfromexp()sing

sporesto plasmasof mixed _jases.UsintlPosition3 as a reference

point (furthestfrom plasmaq_neration,irea),the argon and heliumcom-
binationresultedin les_ spore survivalthan the plasmasof argon corn-

- binedwith oxygen or oxygen combinedwith helium.

"_ 63

• 2"

" *P , L 'all, r

00000001-TSE12



Tablp 5, Total Numlmrol .ll_cll.l.u_Eu._b.tjLi_var,

_.. ni.gg..rspnrnsSurviv-ln!ilh_liumI'In_ma

Exposur_il,b

i.

CHAMB[!R PLASMA_X_I_;IJRI,MII_J.TIS
': POSITION ....

iL ii..i _ju._-._.......

I:. _ q

il--

' A 0c C

B Z 0

C 0 0

D 0 0

E 0 0

F 0 0

G 21 15

! • " r

a. 1.1 x 105 at 0 time.

b. 300 watts, 0.2 ,ml Hq pressure, 20 cclmin, gas flow.

c, Total of 3 replicates,

r {,4

t.,
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NOPLASMA

FIGURE 4
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CORNING#9-54 FILTER,220 NANOMETERS

SAF'PF!IR[WI_IDOW,140 _A_dOMETER',

' L',_A£LL_LU'__!_:T!LL_.VAP..'_.Ir,[P'-_,PnRL_[.)_r,(y.[i[_T(,AR,(_,_IF'LALMA,t_(,c,(];,

FIGURE 5
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NO PLASMA



GLASS FILTER_340 NANOMET£RS

CORNING#9-54 FILTER,220 NANOMETERS

",APPIIIRI_WINDOW, 14(INANC)M[T[R'._

I:A( II lip 'rll:]I[ I': VAk. NIC.ICR';I'C)FH",t X!'(r.ll_ T(_(IXYC.I!_!'1A'.r,IA, I_,,(_(,_,

FIGUR g 7
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GLASS FILTER, 340 NANOMETERS

CORNI'NG#9-54 FILTER,220 NANOMETERS

SAPPHIREWINDOW,140 NANOMETERS

I_ACILLII%",UI-',TILI%VAR. NIGER St'ORES;EXPOSEDTO H[LILIMPLASMA.HOO()X
._.
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! ,'h,/' w/_ii
j, "
!

I

i

I" Table 7. Mean Percent Survlval l]ael.1.1ussubtllis var.
ni__r Sl_BresExposedto-M]-xedGas_-'FTa_masa

nl i i, _ i ii _,i u_

_ CHAMBERPOSITION ,
GAS - CC/MINUTE ...........

I 2 3
P

Helium- 20 0.00 0.01 0.06 '

Argon - 20 0.08 0.01 65.31
"r

,, Oxygen - 20 0,00 9.70 64.50

:_ Argon - 18 + Oxygen2 0.00 0.80 70.59 ,

'i Argon - 10 + Oxygen 10 0.00 4.6B- 84.21

I Argon - 18 + Heli.um2 0.01 0,03 10.59

if I
• Argon - I0 + Helium I0 0.00 0.01 0.05

Oxygen - 18 + Helium2 0.00 0.64 81.82

Oxygen- 10 + Helium 10 0.00 1.35 70.47

Oxygen- IP + Argon 10 0.00 5.18 94.12

a. 300 watts, 0.2 rnmHg pressure,15 minutes.

J

b

12

--- , ,, -_,
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i
4.4 TASK 4 - PLASMAGAS DIAGNOSTICS

Th.i_sectionintroduGesthe fundamentalaspect_of plasmabehaviorwhich

ii pertainto plasma _terili2ationand diagnostics. The plasmau_ed in the ex_

perimentsis,.nomfnally,a "flowingr£ generatedafterglowplasma," Gas i_

i ; admi.ttedat on_ end of'thesystem and pumpedout the _ther end l)ya vacuum

pump. Pressurei'scontrolledby the flow rate. A pair of electrBd_s,near

the gas inlet,is used.to apply a strongrf electricfieldwhioh causesrf

breakdownin the gas, creatln_a plasmaby ionizingabout one part ih a
b,

• millionof the flowinggas. The plasma is carriedthroughthe systemby the

gas flow, decayingby recombinationas it goes.

This Boeingdevelopedrf plasmasystem,however,has a specialfeaturein

that rf currentis allowedto leak out of the electroderegion,and tends

tO follow.theflowingplasma. This guidedrf currentwill heat the electrons

in the "flowingafterglow"plasma,and if ft maintainsan electrontempera-

tureof more than one or two electronvolts,will cause furtherionization,

thusmaintaininga denserplasma fartherfrom the s_urce.

• RF heatinqis the dominantelectronheatingmechanism and the electronsare

j_ cooledprimarilyby inelasticcollisionswith the cold neutralgas. These

processesoccur much more rapidlythan the gradualchangesas the plasma

flows throughthe system. Consequently,the electrongas is in local equi-

librium,with its temperaturedeterminedby the balancebetweenheatingand

cooling. The heatingrate is:

(i)
'iln ne EZm "V

Where: n is the plasmadensity(numberof electronsper cubicmeter), d

e is the charqeon the electronin coulombs; E is the magnitudeof I

the rf electricfield associatedwith the rf current,in volts per meters; I
is the mass of the electron,in kilograms; _ is the frequencywith

which a typicalelectroncollideswith neutralgas molecules,in seconds-l;

and (,_ is the angularfrequencyof the rr field, (,_ : 2_ x 13.!Mhz

}_.6x 107 qPc"I, which is cnnstantin these experiments, i

{

,_•,,_ %, .... _ .-%
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• The cooling rate is:

whero: Te is the electrontemperature,in electronvolts; M ic,thn
mass of the neutral atom, in kilo qrams;

C liS the mean energy l(),_i in
inelastic col.lisions with neutral (las molecules, in electron volt,;; ,,o
is the cross-section for momentumexchanging colli_inns I}etwepn el{,ct.rnnB

and neutrals; and '}I is the mean cross-section for inelastic collisions.

In the conditions found in the sterilization plasma, the first term, rep-

resenting cooling by elastic coJ]isions, i._ small compared to the coolinq

by inelastic collisions. This latter term represents a significant frac-

tion of the power supplied to the system. The electron-neutral collision

frequency is conveniently expressed as:

{3)

.v=6,,m"P=pTe ,
wher_._ois the gas pressure,in torr, and Pc is the collisionprobabilityI.

Balancingthe power flowinginto the electrongas with the coolingrate,

assumingthat _/ :p_ _._ expressinqthe rf electricfield in kilovolts

per meter, and using eq. (3) for _ , gives a transcendentalequation

for the electrontemperature.

Te:Ez/In{A'B) , {_)

w,,._, A: s.,× ,o'smE.iP_p_T_/eEz ., ({,) .
and _= _,i / %
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The constants are;

m = 9 x 10TM k_.l

n ,-' 1.6 x 10''l!l cout,

and Pc "' 10 (He)

I' Most measurem_nt_ have boell (form at p : 0._ mln, and Els ob_r,rw,d I.o
he. on the order.of 3 kilovolts/metro'. Fnr h_,'lium l'h(, mq,taslahl(_ l,w,l i_,

at E = 19.8o oV, the resonance 'linu.i_, a! ?] ?I (,V ,_nd the i_miz,il, i,m.

i potentialis 24.5FIeV, so that

E : ZoeV. ((_)

The cross-sectionsin He are

' O..Z__ 10-16r,..mz

and lo_l& Cm_(7= 2+8_
:' 0

Using these numbers and solving eq. (4) either graphically or by iteration

determines Te,

Te -' 31 eV (7)

Electrontemperatureson the order of tens of el_ctronvolts are ,._ufficienl

to increasethe ionization,so that:plasmadecay will be deferred. Antiri

patinglater results,the plasmadensityis on the order of 10I5 m"3,

i.e. 1

1015 m-3. (_)
b

With the densi l.v, l.eml_erature, and pr,-,ssure known, mo._,i,of th,, iml_orl,.tn!

characteristic paranr..ters oF t.lle plasma can be (ts1:imat,d. lr'om mI, (:_),

thq, col I i:; iun lrequr, ncy i n heli um i'_

'V : Z x I08 sec"° (,,I

/!,

#;;
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_l'_ _''_ ';__

verifyinqthe a_sumptionin oq. (4) that _V >:_I_.

Then the skin depth is conlparableto the diameterof the plasmaso that

the rf heatingcurrentwill be distributedthrouqhoutthe plasma.

i Anotherimportantlengthis the Debye length

%-7, o(To/.)a,
which is the characteristiclengthfor electrostaticspace-chargeeffects

in the plasma. For Te = 30 eV, n--1015 m-3, we have _I_I)- (),12cm, whith
is about .050". The Debye length is importantfor plasmapenetration;

holes much smallerthan one _'D ' In m,(h,1norlnally plasmawiJl not pehetrate

to penetrateholes smallerthan about 20 thousandthsof an inch, it may he

out the rf heatinqcurrentwith a groundedriml electrodenecessaryto ground

around the plasma. The downstreamplasmashouldtilenbecomea true afterqlow

with a typict_ltemperatureof about 0.1 eV, and a Dehy_ lenqthof as little

as .(}02irlch.

Ib
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Onn otllorimportantlonqth is thp .Inctronmo.an.-frf_(_-iJnthb_-:Lwp,:_0_momentum

randomizin.qcollisionswith thn nc,utr,_lqa_ muI_cul_n,

_(:" %--$'O'o= _$p' = 0.5cm _, (1,_)
:. whore,no i.qthn d(m:_Ityat"thn n,:utr_;]qaq In at.am:_p.r cubicm_._Lnr.,

Tilepl_4slnadpnf_iLy _n[l(,l(JctrOlli:_,l_IimrnLure,,xv'o_h,f._,rmIlv,dl_yl._In¢Im_iIi',o

probe t(_,chni(lUn,_,2"This motIlodinw_'lvu_ ,;l!w,ral ,lil"licull;i(,!:, l,,,,,mt,q_ (rl

:--_ the unusua.l.characb_,rlsLlc_of thl_ pl_,_ma,l_ui.,'1It,,rn,,Iive t,_rhniq;,.m.,.

microwave cavities; low currant, hl!lh volta!l_, (,lnci.r(m Ira,iraprob_,_ I_u_(,r

intnrferometry_ resan,lnceprobes; thermionic emlssion probesI doul,lel)roh(,:,

and spectroscopy--wouldencountersimilaror greaterproblems.

A Langmuirprobe is a smal'lmetalliccollectorinserted intothE,plasma

and connectedto an adjustabled.c. powm; supply. The currentfrum the

plasma to the.probe is measuredas a functionof the voltageappliedto the

probe. For stable,d.c. plasmaswith low backgroundgas pressure(long

mean-free-path),the theoryand practiceof Langmuirprobes has beenworked

out in great detail.2,3,4'5 There are even apparatuswhich will automatlcally

recordprobe data.a_dreduce it to a plot of the kineticenergydistribution

of the electrons.

The rf field and high electrontemperaturein this plasmaprew_ntsuch a

detailedinterpretation.L_uLthe main featuresof probe anal,l_.'_._r_still

presentand can be used to determinethe electrontemperature.The d,c.

electricfield appliedto the plasma by the probe is on the order (_f

Ep= Te Ixp= Z4 0 Vlcm (_,_)
for the exampleof the plasmacharacteristic.__livenal_ow_.Sinc(_.i.hi,,i,_

abnuL seven timesrlreaterthan the typicalrF field,the rf field is a

iI relatively!_m,_ll perturbationon the.electronre'bitsnear the prol,(,.
l

"- /7
i

f,

IIIIII I IIIIIII "_/_']%'r" ' _ _"'_-_
i III
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Insulatinqwalls and other objectsdrawingzero net currentfrom the plasm,_

are chargedto a negativepotential,calledthe floatln.q_otenti_l.

e

where Te is the electrontemperature,K is Doltzmann'sconstants,m+ is the
ion mass, and e and m. are the chargeand mass of the electron, (Theterm

"temperature"is used merely to denotethe averageelectronenergy,and does

not necessarilyimplya Boltzmanndistribution,althouuheq. (17) ismost

accuratefor a Boltzmanndistribution.)

The floatin¢lpotentialgiven hy eq. (17) is not measuredwith respectto

groundpotentialhut insteadwith respectto the potentialof the nearby i

plasma,called ".s_ce_j)_otentiaI"or "Elasma_ote.ntjal." In most plasmas, I
space potentialis close to groundpotential,and floatinqpotential,when !
mea,.;uredwith respectto ground,is qiven by eq, (17).

In this plasma, however, space p(Jt.,,ntial is hiqh, an<l t'loatin!_ p(,t,,nti_l,

all.houqhpropc.rlyneqativewith resp_ctt(,spac(,potenl,ial, is l,O',_t_v('

with reT_peclto ,Iround.
I

,_?,.",II



Space potentiali_ u._uallywry clo_o tn th_ pot(_ntialof thQ mo._tim,_itiv_

_Inctrado_xpa._adto tha plasma, [ho hlqh po_itiw .spac_potentialr_suIt_,

from the lack of a gnod r_.for(mc_r,l(_trode.,and i_ ,:a'_ilymodi_iprll)yany

apparatu_which tp,nd5 to ._upply_uch a rpfo,ro.ncc,,cnnGequ_ntly,plasma

_xporlmellt._mu._the conductedand intr_rprotodcarni'ully,

l_lflureIO shews nne nf our fir-_tLanqmi_'Irprobe,curvo_,re.cordedin niire..

,; qon plasmau_inq a planchetas the prnhe, Thi_ ha:;the u._ualfo_rLur,:,(_I

i l)la,qmaprol)o,curw,_,and w_ u._eit to lllu_tratehoi'hthe standard ii_t.(,r-

pretationand some of the danger,_,At the lowestvolta(lOSthere is a n,ar'Iv

constantpositiw current,calledthe !oj_sa_turationcurroe.t,laheled(1)

on the plot.

At (2) on the probe curve the positivecurrentstartsto decreaseas a few

of the most enerqeticelectronsget throughto the probe surface, The zero

currentpoint (3),is floatingpotential,here at 70 v above ground. The

discontinuityin the curve just above floatingpotentialis due to a change

of instrumentscale.

At (4) on the curve,the electroncurrentis risingrapidlyas the probe

approachesspace potentialand more electronscan overcomethe repulsive

potentialbarrier. At space potential(5), all electronscan reach the

probe,and the curve flattenssomewhat,the continuingincreasebeing due to

the slow growtliof the regionfrom which the probe attractselectrons. At

(7) the probe voltageis so high that the probe is causingbreakdown,a_rl

the currentincreaJesrapidlyagain.

Knowinqspace potentialand floatingpotential,we can obtainTe from !
e_1.(17). lhe currentat space potentialthen (liVeSthe electron,h,nsity

as _,{,_ 6 x 109 cm"3.

l_ul:these resultsfrom Fiquro10 can only be correctif It}orei:,a hiqh

density el neqativ(, ions ( 2.4 x 1(}I0 col-'3 ) in the nitroqen plasma, Th(,
ratio of ion satura!:ioncurrentto (:l(,ctrc_n,;aturationcurrent,;h(_uld,just

i

/9

,"

'. ,,......................... . ...... . ................ ...,--_.-._
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be (m.lm+)'2,Ref.(3). The ion current in Figure11).is much l_rger than

1 would be from the electron saturation current. Either there isexpected

actually a large difference between the electron densAty and the ion

density, with space charge balanced by negative ions (which is possible

in nitrogen), or else the data tn Figure 10 is distorted.

i

One common form of distortion is using ton large a probe, which draws so

much current that the plasma is depleted. Figure 11 shows another early _

probe curve, in helium, which is a clear example of this artificial satu-

ration. Again, the ratio,of ion saturation current to electron saturation

current is surprisingly large. As in several other probe curves using.

planchets for probes, the electron saturation is extremely flat, even de-

creasing somewhat. What is really happening was learned by monitoring

the floating potential on another, nearby, probe while recording this data.

Variations in floating potential simply follow equal variations in the space "

potential. Correcting the voltages in Figure 11 for these space potential

variations shows that, at the higher probe voltages, the plasma potential

is following the probe potential, and the voltage difference between the

I plasma andthe probe changes very little when the probe vol.tagechanges.

This implies that the probe must be the best reference electrode available

to the plasma, Conse_uently,.probe curves like Figure I0 may be misleading,

aridthose like Figure 11 are definitely wrong,

To obtain useful information from Figure 11 we use the fact, n,entioned

above, that electron and ion saturation currents to a probe differ by the

square root of the mass ratio. This is based on a subtle phenomenon ob-

served by D. Bohm, and known as the "Bohm criterion.''3 The result of the

Bnhm criterion is that ion current to a probe is given by the p|asma density

times the ion thermal speed calculated at the electron temperatuFF,inot the

ion temperature, which is probably only on the order of 103 OK). Thus the

electron current at the knee should be

!

I - (m_/i,)" I_ (I_)

I

I_ holiu,J,with (_,/r'L)_ _ _{_,,thf,ktleent Fiqt_reI] _hould bt,,itI _.u p._,

which i_.of! th_ graph.

p,

i_ "---- ,-'r"P_'q
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The lower, linearly rising, part of the probe curve in Figure 11 is not

distorted and can be used to-extrapolate to the correct space potential.
!

Let I o be the slope of that part of the curve, and let Vo be the intercept
of the continued straight llne with the zero current axis (see Figure ii).

The electron saturation current is

!

I_- Io . (Vs -Vo), (I_) ,

Using.eq's (18) and (19) the true knee is at a space potential of

vs :vo + ½/Io . (20)

From probe theory (Ref. 3), floating potential differs from space potential

by .,

Vs - V_ : = In (m+/m_) kT_ , (21)

which determines the electron temperature,

kT_ : (Vs - Vf)/1: In (m+/m.). (22)

With the electron temperature and either the electron or the ion saturation

current we can determine the plasma density

_ ,-.._)
n = 6 x 1018 I_/Ap v cm-3 (')

where Ap is the probe area and

v_ = 6 x 107 (kT_) _ cm/sec, (24

where kT_ is in electron volts.

Carrvinq through this procedur_ tor Fi_lureII, we find

i - 72 eV,I

n _ ? x l(_/ (m-_ (;'!I

_t

p , :i_

i

00000001-TSG04



I

These r_sults are obtained from p,_rtsof th(_l_rol_,L:urvewhich ';hownn

sign of distortion, and so far a._we know, tilt;data i:;reliabl_. Fh_;

extrapolation t_ floating potential along a straight line, how,_ver,is

not very accurate, since the correcl_probe curve would not be _traiqht.

The error is almost certainly less than 50%. However, due to the difFi-.

culty of selecting the correct 9ortion of the probe curve from which to

extrapolate, the choice should be made on thE;basis nf experience wiLh

undisturbed probe cumves.

The above discussion shows the problems involved using large probes in ,

this plasma. Small probes would draw less current, and might not drive

the plasma potential, thus-avoiding the artificial saturation. A series

of development tests and diagnostic runs have been made with small probes.

The probe curves are collected in Figures 12 through 17. •

The small probe revealed a new problem. Since a small probe is driven

to higher voltages than a large probe without depleting the plasma, it

can, and does, increase the plasma ionization. Consequently, small probe

curves have no distinguishable knee, but instead show a continuous cur-

rent increase right up to breakdown.

The small probe curves are reduced by the extrapol,_tiontechnique given

in eq.'s (19) through (24). With this technique there are no great

differences between using small probes and large p_bes, except that

the extrapolation is easier with large, Flat probes such as planchets.

;_4
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4.5 TASK 5 - ELECTRODE MATERIAL AND PLA!:_[_:ML!'!F

Percent survival calculations for I_..%ubti]!_';p()rp,;()xpn,,(_dI,,_h_)Iiul,l

and arqon plasma_ g_n_rated by (_]octrndo_ madc_frcml _,xpand_>d_;L,_,_.l

(F.l__ctrodoIf) ar_ pr_ented in Tab1_ _, AI_) in,:lud_din the,l:alJl,i,,

data, for comparison, of the i)r(_vi()u_ ';()tof (_lectrod,qu,.;edthroughout

Pha,seI.

The oK)st apparent improvement in lJlasma l(-,Lha 11ty, i.e., Sl_(_:'- fl,;a Lh, i:-.

seen with 50 watts for both helium and argon, lhu n(,w(:_lect_'o(h,_,,_c:..

, counted for a two log rPduction in ._pores_rviv,l.

In addition to spore survival analyses, Langmuir probe measurements were

made during each of the tests (see Figures 12, 14, 15 and 17). Calcu-

lations, obtained from these plots for electron temperature and plasma

density, are compared in Table 9. In addition, spore survival percen-

Lages are included.

In the case ,of helium plasma, the increase in spore lethality may be ex-

plained by an increase in electron temperature of 44 eV to 5(3eV.

However, the same ease of.interpretation is not noted for the argon data.

Calculations show apparent physical similarities in the two plasmas

produced by the two different electrodes, but dissimilarities in spore

survival. Also, visual observation of the appearance of the two plasmas

detected a readily noted difference. The color of the plasma prnduced

with the newer electrodes was more intense and extended much further

down into the chamber. The nature of this apparent difference for aF(ie.r,

plasma is not yet understood.

Table 10 shows the percent spore survival calculations for the organi,m_s

,,. exposed to helium plasma produced by electrodes located around the

"_ middle of the chamber. Low percentages of spore survival were noted

i at even the lowest rf power of 10 watts• It is difficult to conpare

these lethalities with data ohtained duriny l'haseI from plasmas pro-

d_icedwith the electrodes at the ori_linalplacement. [he newe_ locati()n

_" or confiquration may provide a means of sterilizinq ,_tl(_werrf p(_wer

than so Far envisioned.

ira,
W" '_1

° .:
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5.0 SUMMARY

The followingconclusionsof Phaso II have b_en reached:

(I) Microorganismsare killedby plasmagas. Death

rates vary betweenmicrobialtypes.

(2) Energeticultravioletradiation(the 21.2 eV resonance

line particularly)appearsto be primarykillmechanism

and causesdisruptionof the physicalintegrityof the

cell.

(3) Heliumgas, or a combinationof heliumand argon,

yield plasmaswhich are the most efficientfor

ii Stert Iization.

_i!l (4) Plasmadensity,andelectroli-_emperaturemeasurements

were developedthat provideplasmadiagnosticsfor

comparisonwith microbialkill data. Increasesin

_ electrontemperatureswill increasethe amountof ,_

microbialdeath.

Plasmadensitywas increasedby usingelectrodesmade of different

materialand of slightlylargerdimensions.
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1 7.0 APPFNDIX ............................

The data for Phase II are presented
in Tables 11 through_3.

•" q6
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,!I PHASEI I I
i!
! PLASMABAS PENET'RATION
!
I.

1,0 PURPOSE

The objectivoof tll;.staskwas tu determinetho effectivenessof plasma

gas Snu_ontactimgand sterilizingsurfacesof dii;forentgoometriccon-

figurations,

f

__, 2.0 INTRODUCTION .

In the previousphasesof this study, it had been demonstratedthat plasma

gas sterilizedexposedflat surfaces. Also, an earliercontractconduct-

ed for the NationalHeart and Lung Instituteshowedthat argon plasmawas

capableof sterilizingplastichollow fiber,medicaldevices. Duringthis

latterinvestigationno effort had been made to determinethe degreeof

plasma penetrationnor microbialreduction;i.e.,analysiswas _o deter-

mine if the devicewas sterileor unsteri'le.

: 3.0 PROCEDURE

Two geometricconfigurationswere selectedto evaluatethe penetrating

property_f heliumplasma. Tubing of varied lengthsand internaldiameters

and protectedor "mated"surfaceswere chosen. Samplesof metal and

glass were selectedbecauseof differencesi_.-conductiveelectricalpro-

perties.

I

3.1 CAPILLARYTUBING
,4

Capillarytubingof three differentinternaldicmeterswere tested. 1
Originally,the test planwas to use tubingof 1.0,0.5 and 0.1 un inside

diameter(I.D.). However,testresultsof the 0.1 cm tubingrevealed

thatmore meaningfuldatawould be obtainedif we selectedeve,ismaller

tubingfor the remainderof the investigation.Tube size availability

and spore recoverylimitedthe investigationto tubingof 0.1, 0.07 andB
0.05 cm I.D. The test matrix is shown in Table I.

102

A
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Plasmaexposureswere for 15 end 60 minutes. Heliumplasmawas generated

with 150 wa%ts rf at 0.2 m Hg and 20 cc per minute gas flow. Test tubing,

clippedto a circularrin_, was placedat ChamberPbsltion1 so that the

tubes were orientedlengthwisein the chamber.

3.2 MATED SURFACES

Mated surfaceswere investigatedby usingstackeddiscsof mated pairs.

Figure I shows the arrangementof a mated surfacetest stack. A stack

consistedof two sterilediscs sandwichedbetweentwo inoculateddiscs.

Test discs were inoculatedon one surfacewith g. subtilissporesand

dried overnightin the airflowof a Class 100 clean bench. On each

inoculatedsurface,a completelysterilizeddisc was placed. After

plasmaexposure,the dis_ were analyzedseparately. However,the
data obtainedwere evaluatedfor each pair of discs. Some of'th_ disc

pairswere analyzedto determinethe total numberof sporo.sthat sur-

vived pl_smaexposureand somewere overlayedwith a nutrientmedium for

subsequentvisual Inspectionfor indicationoi_ plasmarja_,penetration.

_: 104
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FIGUR__: SCHEMATICOF MATED SURFACETEST STACK
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.. 4,0 RESULTSANIIDISCIISSION

i

Analy_i_fQr tho nufllboI_Qf ._I_oro_that ._Hrvlw)dI_i_i_h)o_pD_,ui"_.,wa",con-

" ductDd,

4,I (;_APJ_I_LA!IYTUBING

l)orcenta.qo,calculatio_i_fnr spot{)_urvlw_lwa,,Imrform(,(lFor ,_'II_,_r,,.

' Thn valuesfor !lla__)c_H)'lll_Jri(.,F,arn r,howl)inliHd, ;', If:wa_ m)l_,,Il,h,,l.

no :Jpor(_!i_Nrvlvodafter 60 ininul.n_pla!mh)_,xp..,urofin"i'.ul)iHgl11.I (m)

I.I),and 12 cm Ion!l,Tub'In_Iof ().O,fl_:,i],I).!_I;iIIhad !.o;,ovi,H,l_,,,i.)r,,,,

after 60 minute..,_of plasma tr(!_ItIiI(-)rlt)althouqhthe p(.r(:_mt_,urvIvalwd!,

, very l_w,

' Plasmatre(_tedstainlesssteel tuh'Ingdid not show as low perce,t,Jurviw_l

figuresas the glass tubing(Table 3), tlowever,spar(-,,reductiuHwa'.;

noted, The middle 4 cm segmentof the 12 cm long tubes showedmore p_-,,'

cent survivalthan either4 cm end. Heliumpla._ma,at the o_._r._

conditionsof these experiments,was able to penetratein b,:.....uirectlons

into a tube.

The higher spore reductions._bservedfor glass tubingmay be due to two

Factors. Irradiation,due to intenseuv that is capableof penetrating

throughthe glass walls,may be one explanation. The other possibility

is that the dielectricpropertiesof stainlesssteel may neutralizeor

"shield"organismsfrom plas,B.

Althoughsterilizationdid not occur in the stainlesssteel tube:,,spore

reductiondld, A seriesof testswere perforatedthat kept all test coil-

,, ditionsthe sam_ except the rf powerwas increasedto 300 watts. Inocu-

i, lated stainless._teeltubing,exposedto heliumplasmaat thu hiqh_r rf
power value was anal.vzedfor survivors. Perc_:ntayesurvivalfiqur_.sare

i] qiw, in lable 4. SterilityoF all seqmentsof a 12 cm Iom.Itul_t,was

noted after O0 minutesplasma treatment.

Iml

_: I06

'° II

00000002-TSA14





!

ii '°'_

O0000002-TSB02



109
_'o

I"

O0000002-TSB03



,!_ I _
r

L
i

/i Table 5: Percent Su.rvival of Ba_illus subtilis var.
nl_r Spore_on Mated Surfacest'6¥1_-Were
"Exp6_edto lleliumPlasma a

:!

l I'n I ! I IIII II

PercentSpores
Survivingper Mated SurfaceTest

iii i i

Number Mated Pair
Mean

A+B C+D
II I i i i iii I

i 70.18 64.46 75.90

2 49.55 40.91 58.18

I 3 73.49 73.77 73.21

4 73.89 61.11 86.66

5 52.01 34.03 69.99

: . , _.. , . • : ± . _ _ = _ : _ "_, . .. _ ....._ ,= _: _ _ = .

Mean 64.25 55.57 72.93
i

a 60 minutes,300 watts rf, 0.2,mm Hg, ZO cc/min,gas flow
!
t
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_. 4._! MATEI)SLIRFA(;F..S

_ Th_ abilityof plasmato penetrateand sterilizec(mtalnl,_atod,mat_:dstir-

!....._ face.swas investi!lat_;d.Dataobtained l'm'ttit_ numbo.r_f micrt_m,_hml,;ms

::., kurvivlng a plaSllla tr¢_,atlli_nt of niich surFact:_, .,;tinwa ._liqht reduc.tloii

Froni those nuiIlbers oriqiniilly present, Table, h ,_how_the lierci_.nl.._ul"vtval

of ttiii iilated surface p_irs followiilq a (iO iiIinlite tlt)liuln t)la_llla L,XllOf,iirl,,

These data are frcllll ill,lied al umillUlll di scs. _ttidio,_ tlerlnllllOd Wt th IIItlt.i,d

;_ (llasssurfaces showed that few,or II0orqanislllSsurvivL'd, llowovm',,is

notedpreviouslyit is felt that4_enetratinniiloli(lthe ,;urfacl,did not

._-. occur, but t,hat ill)stof the killwas caus(xlby ultraviuletirrildiat.ioiii_f

intensean_Juntspenetratingthroughthe thin (llass,

>

, 5.0 SUMMARY

The resultsof this phase of the investigationlead to the following

i concl_ISions: _
,%._,

, ',_"

it-

i 1) Helium plasma (300 watts rf) sterilized metal capillary

tubes 0.07 by 12.0cin...an_l_ontaminatedwith 104 spores

within 60 minutes.

2) Plasilklis a surfacesterilizer. If objectsare exposed

to plasnBfor sufficienttime,sterilizationoF all

surfaceswill occur.

d

3) HeliullililasIllawas not able to pent:iratemated llletal I
I

surfacesto illlyqreat,(,xtent.
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Tabl_,IP.: B_a+cilll£_._u_b_tj_!.i_vat, niuor Slmrr,._
Recov_rnd_rmn-_at_dMn+tiiT_urfacf:._I

I that WerP,F._,pn_odt_ Hr,li.m Plamlla a

mr Ir ,•

Nimlberof Survivi "I
llellum sporesperM,atod Sutfa<+L,! of Sl)ur_sPr,r+i IPlasllla ,, M,It(,_l '.+_ll_"fat++

+_ Test a + b c,.+d (N_-_Plasma)
II n ,, , "' " ' IIIIII

1 4280 5040 6640
o

2 2700 3840 6000

3 6334 6_86 8586

4 4306 6106 7046 'I

I
5 2486 5114 7306

ii ii I I I III III II H II
I I I II I

Mean 4021 5277 7236
II i ,.., ..........

a 300 watts rf, r60.m.lnutes,0,2 i111nHg, 20 cc per minute gas flow

119
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PiIASEIV

EFFECTOF PLASMAGASONSELECTEDSPACECRAFTMATERIALS

1,0 PURPOSE

' The obJQctiveof this tosk was to determinethe effectof plasmagas en

candidatespacecraftmaterials.
,i
! 2.0 INTRODUCTION

._ Previo_spreliminaryBoeingdata Showedthat plasmagas did not visibly ,

i affecta test group of differentmaterials. The materialsincluded 'I;
i' aluminum,stainlesssteel,glass,plexiglass,Milliporemembrances(cel-

_ luloseacetate),rubber,polypropyleneand paper. However,specific

i, spacecraftcoatingsand films had not beenexamined. Also, analysisof

i; materialdamage in the initialstudy was limitedto gross,observable
_ alterations.

', Spacecraftmaterials,chosenafter consultationwith JPL, were subjected

_) to a plasmaenvironmentto determinematerialcompatibilitywith the

process. Specificanalysisper AmericanSocietyTestingMaterialsStan-

dards,where appl..icable..,w.ereconducted.

3.O PROCEDURE

The test approachof Phase IV was to exposematerialsto a plasmaenviron-

ment for an extendedtime. Fullowingplasma treatment,laboratorya:,aly-

ses of the exposedmaterialswere conductedto evaluatematerialcompati-

bilitywith the process. Compatibilitywas determinedby comparingsam-

ple materialsexposedto plasmato similarspecimensthat had not been

exposedto plasma. Analyseswere conductedby the M,crobiologyLabora-

toryand the MaterialsTechnologyLaboratories.

3.I CANDIDATEMATERIALS

: -A descriptionof the nine differentspacecraftmaterialsused in this

"" test phase is (liven in Table 1. Specimens of teflon, mylar, kapt(m and

graphiteepoxywere preparedfrom uniformsheetsof materials. Test

_, 122
-_

'j
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squares were cut with a scapel and handled with llnt-free dacron (]loves.

The remaining materi.al types were prnpared lly the manufacturers in the

dimensions required for testinq (? inch square, 3 Inch. disc).

3.2 ANALYSES

The matrixof the analysesporforinedon materialsbeforeand after plasma
]

: exposureis given in Table 2.

3.2.1 Reflectance

Both total and diffusereflectancewere measuredwith the BeckmanDK-2A

,. Spectroreflectometerin the reflectancemode using an integratingsphere.

Specimenorientationwas to face the film side towardsthe light beam

source. Reflectancewas calculatedfrom the spectrausinga 28 point

integrationat equal solar energy increments. The resultswere presented

as an integratedvalue of the reflectance.Qver._he.w_yelengthmeasured.

3.2.2 TranSmission

The BeckmanDK-2A Spectrophotometerin the transmissionmode was used to

measurethe opticaltransmission. The measurementwas made and recorded

from 0.25 to 2.5 microns. Any changeseffectedby plasmaexposurewas

noted and tabulatedas to wavelengthand intensity.

3.2.3 MechanicalTesting

An Instrontensiletest machine,with a cell movementof 0.22 in./min.,

was used to determinethe elongationand ultimatestrengthof the films

(tension). Three point bend was measured,per ASTM 790, on the Instron

test machineequippedwith a 50 Ib load cell. I

3.2.4 ElectricalResistivity

Surfaceresistivitytestswere performedon test specin_nsusing the

HeathleyModel 6105 ResistivityAdaptor. A minimumof threemeasurements

were made on each specimenbeforeand after exposureto radiation. The

test method used is describedin ASTM D-257 except that no cnntact

materialsuch as foil or silverpaintwas appliedto the specimens, lhe

I;_4

I
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' I

111ethodd_viation 1't_.sLilt_d in .'_oI11t,111_.a_IIr_Inenlunc_)rLaivlt.V, but wa_ u,_,,l

I to avoid, dalllaq_ to dnposiL_d :;,u111)l(,_.Lh_ %Ill' ftll:l_.i _1t:' Jim

w)lLa,q_ of i!OV d-c was appli(_.d l.hvoll_lh a _!(1KoI1111i il1111.inq v't,,.,i_t_)r. II,,

r(_.slstivity in ohms (aW.l. of 3 r(,adillq,_) _ h3.4V
i ' i." I

!

I ., _, Li Vj_U.a1. LXa11119!Itj.o!l

Visual (:xamination of tost 111ate.rlal:_ was ImrIorlm_d with ,i I_a(l_:I1 and

Lomb microscope (14-00X ma,qnii'icatlo, ran(jo). Any visual alte)'aiiLm i,

,i surface was noted, and if ,iud!led '_lqnific,mt° Fu1'lhe1' examlnaI, iLnl of

the MLeration was performed wit.ha scallniv1!leleci;ronmicroscope.
L.-

3._.6 ScannjP____E]ect_rP!LM.icrpsyO_.q

The.Ultrascan, a scanning electron microscope (SILM)was used for the

examination of those test samples that had detectable visible alt.(q-ation

after plasma exposure. Photomicro,,iraphswere made oF each sample selec-

ted for SEM examination.

I 3.2.7 St_e,r_!].ity
I

Specimens of each test material were inoculated with approximately 106

Bacillus subtilis var. ni_3_ spores. Spores were suspended in water and

deposited on the surface of a sample in a.0.1 ml drop. No attempt to

spread the liquid was made. Evaporation of the liquid was in the airflow

of a Class 100 clean bench. After drying, the area of inoculation wa_

noted to be a spot no larger than 1 Clllin dianleter. Inoculated test

materials were included in each plasma exposure test. The samples were

analyzed° after plasma exposure, for sterility by implantation in melted

Trypticase Soy A_lar. The absence,of Inicrobial_Irowthon the specimen

material, after 14 days incul_ationat 30°(", indicated sterility. 1

3.3 PLASMA INVI RONMINI

A pla_llla test enviPOlllllellt, l)l'(Idu('ed ,it [!)II wdlt ,, i'I', was qellel'dlPd l_l'

I. helium qas and oxy.qen Uas. larlier ,;tudy re,_ult,; indical_,d pu,_,,il_le

I_ w_riations in 111eclhlni_in,'_ol kill for the I,w,, q,1,,_,,,. Clhllnl_ev"l_V',,,,,,ur_,
was maillta ined duril1_l ox,y!lell or lle] itlm plas111,1pv'_duvl, i_ll ,ii (_.,' 11_i_ilhl

I lot ,!0 _.:t per ,linute t,e,;l, qa', l"low.

II,

#"
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exposure of the test materials to plasma totaled 6 hours, If plasma and

material incompatibilities did exist, they shauld occur and be detected

at these prolonged test expesures.

3.4 TESTSEUqg__NGE

Figure I diagrams the stepwise flow of the nine test materials from

sample preparation through analysis. Three separate plasma tests were

replicated for each material type. Different materials were newer ex-

posed together. Also, separate specimens of each test material were pre-
t

'_" pared for each required analysis. Thi_ procedure was established to

prevent excessive handling of specimens. An exception was in samples

analyzed for electrical resistivity. Testing on unexposed specimens was

.: performed to obtain control data. The same specimens were then exposed

to plasma and analyzed for changes in resistivity.

4.0 RESULTSAND DISCUSSION

Specimens of materials, exposed to helium and oxygen plasmas, were analyzed

to detect any alterations in material properties with respect to values

! for reflectance, transmission, mechanical tension and three point bend,

i electrical resistivity, and visual appearance.

4.1 REFLECTANCE

Reflectance values (R) were calculated from spectra of test samples

obtained in the total reflectance mode with a spectroreflectometer

(Table 3). The test material, polyurethane flatblack, was the only

material in which its R value changed after exposure to either helium

or oxygen plasma. The other seven materials did not show any major
!chan_es im R after plasma exposure when compared to controls that had

not been exposed to plasma,

4.2 OPTICALTRANSMISSION

Transmission measurements (T) of plasma treated sample materials were,

made. The transmission spectral va]ues were calculated. The T value,_. !
i

are presented in Table 4. The two sample coatings, IRSIE and Mark B,

(lidnot show any change in transmission after plasma exposure.

127
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I SPECIMEN

PREPARATI ON ,,

f'

I

Ii II t I I I • I I

t;HELl UM OXYGEN

PLASMA PLASMA

" _ -_ _ r _I.- i

I _TERIALS ANALYSIS# i i MATERIALS ANALYS I S

EXPOSED SPECIMENS CONTROL SPECIMENS

Jlili

FIGURE1: TESTSEQUENCE

I
B.
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Tablo 3: Refloctanco oF MaLerials kxpos_,d
to H_llilln and Oxygen Pla_,r,a_ a

SalnpIe RollnctancP
Material Numbor [teal:ment (R)a

I II I HI II

A] Nn pla,mla (],HI
B4 " {}, _I"_
C7 " (}. H4

Teflon II_P Film AI() lt¢']'iUIII i|]d'HIEI (),7.g
r}I:3 " " n.H3
C]() " " O.F_(I

AI9 Oxygen plasma 0.68
I}22 " " O.79

I" D25 " " O. 82
II I I I I II II II I I II IIIII

A] No plasma 0.77
B4 " O. 77
C7 " O. 77
AIO Helium plasma 0.69

Mylar Film B]3 " " 0.76
C16 " " O. 76
AI9 Oxygen plasma O. 75
B22 " " O. 75
C25 " " O.74 1

A1 No plasma 0.55
AIO Helium plasma 0.55

Kapton Film A19 Oxygen plasma 0.53
B22 " " O.53
C25 " " O. 52

i I Hr i ii iii i ,

AI No plasma 0.21
AIO Helium plasma 0.22
BI3 " " 0.23

IRSIF C16 " " 0.22
A19 Oxygen plasma 0.21
B22 " " O. 23
C25 " " O. ;]3 J@

IIIII III I II i I II I II ....... t ........ _1

AI No plasma O. i0
AIO Hel ium plasma O. i0
B]3 " " 0.10 'I

Mark I_ C16 " " O.10
AI9 Oxyqen plasma 0.Og
B?2 " " O. I0
C25 " " O. 10 ,

I
r

1;!') l_].'I'l_ Hfl I('II_II,|'I_/OF 'rli_;
,,, ,' _ I._(,1', I8 POOR

r
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--_ Table, 3: Refloctanc(_. of M,Itm'ial!, Ixl.._,,l
t_ Heliunl and Ox.yq_,nPl,_,_ma,_,_
(CenCl nued)

Mate r 1a l N_lll|b__,_' 'l _,, _tlmml. ( R/ 't
= i j . . . aJ

A] N_ pl a_ml,t _1,(Vl i

I'olyur_thane A I.() th, I tum Ifl,-I_.ma (). {);'
f:l athl at:k I_1:_ " " _},(I;!

Clh " " 0.();'
A'Lq ()x.v!len I_lasma O. 1I, (

,)t) I! It

(;25 " " O, 14

ill i u

At No plasma 0 ''
AIO Helium plasma 0._'4

Anodi zed AI uminum A19 (lxygen plasma O, 25
B22 " " O. ;?H
(125 " " O. ?t_

JII III I I II I till I

AI No plasma 0._0
AIO Helium plasma O.t_9

Vacuum Deposited BI3 " " 0 _0C 16 " " O.90
A1uminum AI9 Oxygen plasma O.89

B22 " " O. 90
C25 " " O. 90

a
R values obtained with Beckman DK-2A Spectroreflectometer. Values
calculated from spectra obtained in the total reflectance mode for
the spectral range 0.25-2.5 microns. The calculations were made
usinfla 29 point inte_iration. A National Bureau of Standards reflec-
Lance tile was measured ilmlediatelyprior to specimen llleasureltle_lt..
It served as a standard material of known R to which all _pectra
were corrected, The accuracy ,rodprecision of t.he R detm'minalim},,
,_re_ 0.02 and _ 0.01 respecl,iw_ly.

O0000002-TS



Table4: Tr_n_ml,_1onM_urem_nt of Mat_rial_
,, IExposod,to H_lium_d Oxy.g.nPla_ma_

,, SmnpI ,_ _ Yi]ln _lll'l !, q 1()11

Materlal Nui,11mr Trn_itll,nllt (I )
II I "" " I It _ (

i,

A2 No I,'l,:.,na O.(# /
B!i " ().(iI ,

_- .t.

C8 " ().61 ,
All Helium l)lasmd O.fi?

IR_Ii11 B14 " " O.62
C17 " " ().62

,, A?O Oxyqen pla_ma O.60
B?3 " " O.6U
C16 " " 0.60

Ii ii II i i llmi IIII fl i
l

i

(

A2 No plasma O.90
AII Helium plasma O.89

Mark 8 BI4 " " 0.89
C17 " " O.89
A20 Oxygen plasma 0.89
B23 " " O.89
C26 " " O.89

I:_]
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Teflon film alsowas not, with r_spectto _ensionmeasurements,affected

by exposureto heliumplasma. A n_deratereductionin elongationwa,,

noted for oxygenplasma treatedsamples.

i

J Kaptonfilm was not noticeablyaffectedby oxygen•plasma. However,helium[
I

plasmaexposureresultedin an increasein percentelongationof kapton

fiIra.

4.3.2 MechanicalThree Point Bend

Three point bendmeasurementsof plasma treatedgraphiteepoxy specimP.ns

are recordedin Table 6. Graphiteepoxy,which was exposedto helium

plasma,was unaffected. No measurablechangesoccurredfollowinqa 6
i

hour heliumplasmatreatment,wh(,reasoxygenplasmaeffecteda moderat_

reductionin loadvaluesof exposedspecinmnsof graphiteepoxy.

4,4 K.L__CTR._!CAL_RES_I_ST_VI.TY i

surfaceresistivitytestswere performedon specimensof vacuumdep_)sit(:d i

aluminizedmirrors. The av(_ra!le¢)fthrpe mea_,urementsfor earth*;l-)ec:im_;n,

hL,fore and after plasmaexp()!_ur(,,is ,-,hewnin [ahl{;I. Th_ r._ult!, i

sh_)wedsurfacer.sistivitiesfr.m I0II t{)1014_)hm_,and no cnn,,i,.t_;nt

I ('hanqes h_:tweenb{,f.r(: and a lt(;t" l)lasma expo,.ure :.,I)_'(;ilIIU.II;,.

I ,_L_
r
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Tabl(t5: MechanicalT_m:_innPrr4)(,rtl(,riof MaLnrlal,i
Expo,_ndtl_ lhqlunt and (Ixyq_,i1Pla+_llhlGa

! Matorla] !_ampl(_ I11rituaL(, l_nd f:l_mq,ltl(m
Nlllllbt+r Tr'(.h_tm_,rlt (I Iv, ) ('I,)

III I I........... ._ . ' .................

A3 Nn pla:m_a (,.;! 7;'
llh " h, }' II",
(;!) " (i,() I{)()

AIR llel i lllll I|] ,|,;ilia !,, :I li'l ,
Mylar I}I!_ " !;.(I 7(, .

CJI_ " J. 'I 3/

Ai_[ OXyClen pl,lsm,i ]. (, t)
II;'4 ' " ?.3 1
C?I " ,:).(i ,,"

I I I I II i I IN • I _ ill IIlllll

A3 No pl ilSIIli.i '" ,0 15(1
B6 " 4.9 2_I_
C9 " 3.6 24U

A12 Helium plasma 2.I _30
Teflon B15 " 2.I 241

C18 " 2.2 180

A21 Oxygen plasma I.7 76
B24 " 1.6 68
C27 " 2.2 87

A3 No plasma 21.5 28
B6 " 29.0 70
C9 " 25.2 30

A12 HeliUlliplaSllla 32.3 ,'{0
Kapton B15 " 32.3 70

C18 " 34.6 87

A21 Oxygen plaslna 17,6 18
B24 " 25.0 46
C27 " 2.0.4 ;!h

• 't'[ ' - II I III I"' ....... 'in

a Valuesl_bt.ainedusin(lan InstronLesterwith _
a ¢ell ll}ovew;lent,nft).li"Iminute.

w

I+_

"" 7"
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Tal._ln 6: Throo Point. lmnd Pv_qmr'tl(,; _1 (h_;ll,h'tl.q,
l.lpoxy Lxpo_,_d I.o Ihql,m m,d I}xyq_.l! Plnnma:, a

I 1 I I I I I I _ II II I I I I I I IIII I I III II I LlPl

Sample Thickne._:; Width UItIm,.li,_._Iu,ld
Numb(_,r Treatnlent (inches) (inche_,) (Ib)

I I n I I | lUl I I I III I

h
A3 Nu plasma 0.012 O.545 17
B6 " O.011 O.,%4 I0.]
C9 " U,015 O.56P, 13.7

I II _ I Ill II} I I IIIIIITl III I

A12 Heliumplasma 0.U11 0.521 10.1
B15 " O.01Z 0,555 10,8
CIB " 0,011 0,499 B.B

I J I III II -- III II I • I IlUl

I A21 Oxygen plasma 0.011 0.536 9.4
, B24 " O.010 O.548 7.8

C27 " O.010 O.534 5.0

,iPer ASTM standard,span i/2", head movement
0.11"/minute,50 Ib cell

b
500 Ib/cellfor this sampleonly.

134
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Table 7' ElectricalResistivityof
Vacuuml)eposited A1uminum
Mirrors

IllI II I ,,,,, ,,, ,,,,,,,,I I mml I im l i (

Resistivity
Sample PlasmaTreatment
Number Before After
• II _ I II I

A3 No plasma 7.12 x 1013 1.78 x 1014

C9 No plasma 1.46x 1013 3.14 x 1011

A12 Heliumplasma 5.72 x 1013 1.03 x 1014

B15 Heliumplasma 6.28 x 1012 shorted

C18 Heliumplasma 8.05 x 1011 1.79x 1012

A21 Oxygenplasma 1.19x 1013 3.56 x 1013

B24 Oxygen plasma 2.14 x 1012 1.9 x !012

C27 Oxygenplasma 7.0 x 1012 1.89x 1012
I

I

!
1

:-" !35
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4,5 VISUALEXAMINATION

Low pawor visualexaminationof oxygenand heliumplasma treatedmaterials

i: was performed, No surfacechangeswer_ noted in any of the specimens

with the excQptlonof the black coatino,polyurethaneflatblack. Slight

changeswere observedin this materialfor helium plasmatreatedsamples,

whereasoxygen plasmaBfFecteda major surfacechange. Erosionof the

surfaceto the primerwa_ noted, Th_ polyurethaneflatblackspecimens

c were examinedfur_he_with tilescanningelectronmicroscope.

4.6 SCANNINGELECTRONMICROSCOPE

Electronmicrographswere made of the test materialpolyurethaneflatblack

(Section4.5) after plasmaexposure(Figure2). Surfacealterationis

readilyobservedin both the heliumand oxygen plasmatreatedsampleS.

4.7 STERILITY

Resultsof sterilitytestingof samplematerials,inoculatedwith con-

trollednumbersof B. subtilisspores,and exposedto plasmasare given

in Table 8. Sterilityof all sampleswas not attained. However,from

initialnumbersof 106, the numberof organismsthat survivedtotaled

no more than 2 sporesper three specimensof m_terial. Visuallocation

of the dense spot of inoculumon..aspecimenwas not identifiablefollow-

ing plasmaexposure.

, 13(_
.,,;
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i Table 8: Sterilityof MaterialsExposed

I to PIasma

P
I" ' ' ' I I I I I II I ,,, ,, _ _ _ i

F
" Materiala Helium P1asma Oxygen Plasma

b
Teflon NS NS

Mylar S c S

Kapton NS S

Mark 8 S S

Polyurethane S S
Flatblack

I Anodized NS SAluminum

GraphiteEpoxy NS S

a Three replicatesof each materialper plasma.
b
Not sterile(NS); no more than 2 organismsper sample (106) survived.

c Sterile(S)

138
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5.D SUMMARY
w

Nine selected spacecraft materials wer_ subjected to exc_sive _xposur_s

ef heliumand exygenplasmas(6 hours). Specificmaterialanalyse_were

conductedto determin_materialcompatibil|tywith the process. The re-

i _ults are summarizedin Table.9. The reflectanceof all materials,ex-

i posed to heliumplasmaand oxyqen plasma,with the exceptionof one,
i

polyurethaneflatblack,remainedunaffectedby the plasmas. Transmission

: and electricalresistivityalso were unchanged.

The three aluminizedfilmsSested,teflon,mylar and kapton,did experi-

ence somemodificationsin mechanicalpropertiesdue to plasma. The

changesin measurementsrangedfrom slightto marked,with particular

observationof alterationsin percentelongationdue to oxygenplasma.

Completesterilityof all materialspecimenswith thick inoculation

' "spots"was not observed. However,those samplesthatwere not sterilized

• had no more than 2 viablesporesfrom an oriqinallevelof 106.

I
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